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In d u c tive ly  coupled plasma mass spectrom etry (IC P -M S ) is an extrem ely pow erfu l 
to o l fo r  the analysis o f  m ost elements. I t  has been used to  f in d  the com position  o f  a 
w ide  va rie ty  o f  m atrices im portan t to  man. Th is  thesis p r im a rily  deals w ith  the 
determ ination o f  selenium  concentrations in  b lood  serum.
Instrum ental parameters such as nebuliser f lo w  rate (N FR ) and fo rw a rd  power to  the 
plasm a were investigated and th e ir s ign ificance to  the signal response fo r  selenium  
and in te rfe ring  po lya tom ic ions shown. The sim ple, robust and inexpensive technique 
o f  organic solvent add ition  (essentia lly  m ethanol, as w e ll as other alcohols) was 
shown to  greatly enhance the signal response fo r  selenium  (~  4.2 tim es fo r  m ethanol) 
w h ils t at the same tim e  setting up a com peting reaction to  rem ove the po lya tom ic ion  
40A r  37C1+ on the 77Se+ isotope. Th is  technique was then applied to  the analysis o f  an 
acid digested ce rtified  reference m ateria l, nam ely Seronorm ™  Trace Elem ents in  
Serum, g iv in g  exce llen t results o f  83 ±  3 pg f 1 using 82Se+ and 87 ±  4 pg I '1 using 
77Se+. Th is compares w ith  a reference value o f  86 pg I"1 (range 79-89 pg I '1).
The above experim ent was repeated using an u ltrasonic nebuliser instead o f  a V - 
groove, h igh  solids nebuliser and the characteristics compared.
A n  assessment was made o f  a hydride generation system coupled to  the IC P-M S fo r 
the analysis o f  selenium  in  b lood  serum. T h is  included va lida tion  o f  an acid d igestion 
technique and m o d ifica tio n  o f  the H G  system so a separately nebulised in terna l 
standard cou ld  be used to  correct fo r  signal d rift. Analysis o f  Seronorm ™  reference 
m ateria l gave values o f  77Se+ =  77 ±  13 pg 1 -1 ,78Se+ =  82 ±  9 pg 1-1 and 82Se+ =  80 ±  
4 pg 1-1 selenium  when u tilis in g  74Ge+ as an in ternal standard.
The fe a s ib ility  o f  using d ilu ted  serum in  1% H N 0 3 as a m ethod o f  sample preparation 
p r io r to  analysis was investigated. Results fo r  d ilu ted  serum samples were not as good
as those using digested samples. O ther problem s encountered were blockage o f  the 
glass in jec to r tube and sam pling cone o rific e  leading to  poor long-te rm  stab ility .
O vera ll, th is w o rk  shows that the analysis o f  selenium  in  digested serum is precise and 
reproducib le  using IC P-M S w ith  m ethanol add ition  and cou ld  be considered fo r 
rou tine  m ono-elem ental analysis. The use o f  m ethanol add ition  a llow s the use o f  
m u ltip le  isotope studies fo r selenium  analysis w ith  ICP-M S. Interferences are s till a 
prob lem  on certain selenium  isotopes. The benefits o f  Se+ signal enhancement and the 
e lim in a tio n  o f  interferences on 77Se+ when using m ethanol add ition  to  sample p r io r to  
analysis fo r  selenium  in  serum by IC P -M S , have c learly  been demonstrated.
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C h a p t e r  1
I n t r o d u c t i o n
1.0. Introduction
Selenium (Se) is an essential trace element for many species including humans. Its 
biological importance was established follow ing the discovery that selenium is not 
only essential to mammals [Schwarz, 1957] but is a structural component o f the active 
centre o f the enzyme glutathione peroxidase (GSH-Px) [Flohe, 1973; Rotruck, 1973]. 
During the last two decades remarkable progress has been made in the recognition, 
structure and function o f several selenoproteins and their relevance to optimal 
nutrition.
1 .1 . T h e  H is t o r y  o ff S e le n iu m
Although Berzelius is credited w ith the discovery o f selenium, it is possible that one 
Arnold de Villanova was the first to observe and describe the element in his writings, 
Rosarius Philosophorum, at the beginning o f the fourteenth century [Zingaro, 1974]. 
He described the vaporisation o f sulphur and the appearance o f a deposit on the walls 
o f the container which he named sulphur rubeum. It was not until 1817 that a reliable 
account o f the isolation and identification o f the new element was published 
[Berzelius, 1817]. In a letter to Berthollet, dated February 9th 1818, Baron Jons Jakob 
Berzelius wrote o f the discovery o f lithium  by one o f his students. Berzelius then went 
on to te ll o f his work w ith J.G. Gahn and their discovery o f the element selenium 
during the burning o f sulphur from pyrites. During this process, a reddish deposit was 
recovered which, on burning, gave a very strong smell o f horseradish. Berzelius 
named the new element selenium, after the Greek for ‘moon’ ( ‘Selene’) because o f its 
sim ilarity to tellurium which had been named after the earth. Other important dates in 
the history o f selenium are presented in Table 1.1.
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Table 1.1. A brief history of selenium.
D ate E ve n t R eference
1295 M arco  Polo, described an illness that affected 
horses, la ter a ttribu ted to  selenosis
Feinendegen,
1980
1817 D iscovery o f  selenium Berzelius, 1817
1842 P ro o f o f  selenium  to x ic ity Japha, 1842
1856 L ivestock poisoning, a lka li disease M adison, 1860
1957 F irst evidence o f  essential ro le Schwarz, 1957
1957 Properties o f  a new ly  discovered enzyme reported, 
g lutath ione peroxidase
M ills ,  1957
1973 Selenium  shown to  be constituent o f  g lutath ione 
peroxidase
R otruck, 1973 
and F lohe, 1973
The acceleration o f  interest and research in to  selenium  came w ith  the discovery o f  its 
essential ro le  [Schwarz, 1957] in  m an and other mammals. Today, a w ide  varie ty  o f  
research in to  selenium  and its relevance to  op tim um  health continues.
1 .2 . T h e  P h y s ic a l  C h e m is t r y  o f  S e le n iu m  a n d  Its  U se s
Selenium  is c lassified in  group 16 (fo rm e rly  group V I)  o f  the P eriod ic Table. I t  is a 
m e ta llo id  elem ent located by group, between the metals po lon ium  and te llu riu m  and 
the non-metals sulphur and oxygen and, by  period, between the m e ta llo id  arsenic and 
non-m etal brom ine. These re lationships have im portant im p lica tions  fo r  the 
physio log ica l and to x ico log ica l properties o f  selenium. Selenium  shares s im ila r 
physica l and chem ical properties w ith  its neighbours in  the Period ic Table, sulphur 
and te llu rium . Sulphur is read ily  substituted by selenium  in  selenocysteine and 
selenomethionine. L ike  sulphur, selenium  exists in  several a llo tro p ic  form s: a b rick - 
red powder; a b row n ish-b lack and glassy, amorphous mass ca lled  v itreous selenium ; 
red m onoc lin ic  crystals; grey, lustrous crystals called grey selenium. I t  form s 
selenious (L^SeC^) and selenic acid  (H 2S e04), whose respective salts are called
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selenites and selenates. G rey selenium  m elts at 217°C, bo ils  at about 685°C and has a 
specific  g rav ity  o f  4.81. The a tom ic w e igh t o f  selenium  is 78.96 and its a tom ic 
num ber is 34.
Selenium  has s ix  stable isotopes (natural abundance shown in  brackets) 74Se (0.9% ) , 
76Se (9.0% ), 77Se (7.6% ), 78Se (23.6% ), 80Se (49.7% ) and 82Se (9.2% ). The 
radioisotopes 75Se, 77mSe and 81Se can be generated by  neutron activa tion  o r 
rad ionuclear decay and have found use in  gamma-ray spectroscopy measurements fo r 
quantita tive selenium  analysis (N A A ) or in  radiotracer studies. Some 15 isotopes o f  
selenium  have been characterised.
The na tu ra lly  occurring  ox ida tion  states o f  selenium  are -2, 0, +4, and +6. The 
ox ida tion  state +2 does not com m on ly  occur in  the environm ent.
1.2.1. Uses o f  se len ium  and its  com pounds
Selenium  and its compounds have the fo llo w in g  uses:
( i)  selenium exh ib its  both pho tovo lta ic  action (where lig h t is converted d irec tly  
in to  e lec tric ity ) and photoconductive action (where the e lectrica l resistance 
decreases w ith  increased illu m in a tio n ). These properties make i t  useful
in  solar cells and in  photography as exposure meters. Selenium  is also able to 
convert a.c. e le c tric ity  in to  d.c. and is extensively used in  rectifiers. O ther 
applications o f  selenium  in  the e lectronics industry include its use in  
sem iconductors;
( i i )  in  the fo rm  o f  red selenium  o r as sodium  selenide, the elem ent is used to  
im part a scarlet red co lou r to  clear glass, glazes, and enamels. I t  is also used to 
a great extent as a decolouriser o f  glass because i t  neutralises the greenish t in t 
produced by compounds o f  iron ;
( i i i )  sm all amounts o f  selenium  d ie thyld ith iocarbam ate are added to  vulcanised 
rubber to  increase its tensile strength;
( iv )  sodium  selenate is used as an insectic ide to  com bat insects that attack 
cu ltiva ted  plants, p a rticu la rly  chrysanthemums and carnations. The insectic ide 
is scattered around the roots and is carried by the sap throughout the p lant;
(v ) selenium  sulphide is used in  the treatm ent o f  dandruff, acne, eczema, 
seborrhoeic derm atitis  and other sk in  diseases;
(v i)  selenium  is used in  xerography;
(v i i)  selenium  is used as an add itive  in  the m anufacture o f  stainless steel and to  
im prove the properties o f  a lloys [Raptis, 1983];
(v i i i )  selenium  is used in  photography as a toner;
( ix )  sodium  selenite is added to fe rtilise r o r so il additives in  selenium  de fic ien t 
areas;
(x ) selenium  d iox ide  is used as a catalyst fo r  ox idation , hydrogenation or 
dehydrogenation o f  organic compounds [Lock itch , 1989],
1 .3 . S e le n iu m  in  th e  E n v i r o n m e n t
Selenium  is one o f  the m ost w id e ly  d is tribu ted elements in  the earth’ s crust. I t  has an 
abundance o f  about 7 X 10'5 w e igh t per cent w h ich  is s im ila r to tha t fo r  cadm ium  and 
antim ony [Z ingaro , 1974].
1.3.1. M in e ra ls
The element occurs in  a fe w  selenide m inerals, the m ost com m on o f  w h ich  is 
clausthalite , o r lead selenide. I t  also occurs w ith  free sulphur and in  many sulphide 
ores; i t  is generally obtained as a by-product in  the re fin in g  o f  copper sulphide ores. 
How ever, the y ie ld  from  by-product sources is in su ffic ie n t to  supply the rap id ly  
increasing industria l demand fo r  the element. There are some 40 d iffe ren t selenium  
m inerals that have been analysed inc lud ing  Berze lian ite  (C u2Se‘) and E uca irite  
(AgCuSe) [Z ingaro, 1974]. O ther se len ium -conta in ing m inerals, such as T iem annite  
and N aum anite, conta in  up to  24%  selenium  [Raptis, 1983]. Selenium  m inerals do not
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occur in  su ffic ien t quantities to  p rovide a com m ercia l source fo r the element. I t  is fo r  
th is  reason that selenium  is usually obtained as a by-product. A n  example o f  th is  
w o u ld  be the anode sludge in  e lec tro ly tic  re fin in g  [D a in tith , 1996],
There is an association between selenium  and uranium  in  that they share s im ila r 
geochem istry w ith  regards to  the ir favourable ox ida tion  behaviour and ine rt nature 
under reducing conditions.
1.3.2. Soils
The u ltim ate  source o f  selenium  fo r  m am m alian  food chains is the soil. Lak in  and 
D avidson [1967] ind icated that the selenium  leve l in  so il is re lated to  the w hole 
geochem ical cycle fo r selenium  and the so lu tion  chem istry o f  the element. Factors 
that a ffect the content o f  selenium  in  the so il include:
( i)  selenium  content o f  the host rock;
( i i )  redox potentia ls;
( i i i )  pH  o f  the so il;
( iv )  nature o f  the drainage waters.
Rosenfeld and Beath [1964] w ent on to  discuss some o f  the m od ifica tions  to  the 
above contribu tions to  so il selenium  content. They included enrichm ent resulting 
fro m  m in in g  operations and the com bustion o f  foss il fuels. The selenium  content o f  
m ost soils is between 0.1 and 0.2 pg g"1 (d ry  w e igh t) w ith  seleniferous soils conta in ing  
fro m  2 pg g"1 to  as h igh  as 80 - 100 pg g"1 [Sindeeva, 1964 and Raptis, 1983],
1.3.3. Plants
Selenium  occurs in  plants as inorgan ic selenate and organic am ino acids. 
Interesting ly, the am ount o f  selenium  taken up by a p lant bears l it t le  re la tionsh ip  to 
the selenium  content in  the so il [Geering, 1968], The selenium content in  plants varies 
enorm ously between species. Some examples appear in  Table 1.3.3.
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Table 1.3.3. The selenium content (pg g'1 dry weight) of a variety of plant species
P la n t typ e  o r  species Selen ium  con ten t (p g  g '1)
Vegetables, cereals and herbage 0 .2 -2 0
Secondary accum ulators (Aster) 200 - 300
P rim ary accum ulators (Astragalus) 15000
C erta in  selenium -accum ulating, foraged plants are w e ll known. Th is  group includes 
species such as Astragalus, Xylorrhiza, Oonopsis and Stanleya. These selenium - 
accum ulator plants seem to need selenium  to g row  w e ll, w h ils t non-accum ulating 
plants f in d  h igh  concentrations o f  the elem ent to x ic  [W ilb e r, 1980].
1.3.4. Waters
Selenium  concentrations in  ground and surface waters m ay range between 0.1 to  400 
pg f 1. Th is  depends heav ily  on geolog ica l factors. In  extreme cases selenium 
concentrations have been measured as h igh  as 6000 pg I"1 [Lock itch , 1989; G lover, 
1979].
1.3.5. A i r
A tm ospheric  concentrations o f  selenium  are usually o f  the order o f  a few  nanograms 
m 3 [G lover, 1979]. Cases o f  a ir p o llu tio n  by selenium  are no rm a lly  due to  po in t 
source emissions p r im a rily  from  foss il fue l com bustion, ore sm elting  o r incinera tion  
o f  rubber tyres [F ishbein, 1984],
1.3.6. Foods
One o f  the best references fo r  selenium  concentrations in  a w ide  va rie ty  o f  foods can 
be found in  the w o rk  by Schroeder et al. [1970]. A  selection o f  some o f  that data is 
presented in  Table. 1.3.6.
7
Table 1.3.6. Selenium  content o f  various foods in  the B ritish  d ie t [Thorn , 1978; 
Schroeder, 1970].
Food S elen ium  co n ce n tra tio n  
(m  g '1)
B raz il nuts 16-53
K idney 2.81
B e e f k idney 1.70
Bread 0.42
Egg y o lk 0.20
B e e f liv e r 0.18
Pork 0.14
Cod 0.10
Egg w h ite 0.06
G arlic 0.02
C ornflakes 0.02
1 .4 . B io c h e m is t r y  o f  S e le n iu m  in  M a m m a ls
The fo rm  o f  selenium  in  l iv in g  systems is dependent on the fo rm  and am ount o f  
selenium  supplied. I t  is also dependent on the species o f  p lant or an im al [Shamberger, 
1984]. A  selection o f  the na tu ra lly  occurring  organic selenium  compounds ( o f  lo w  
m olecu la r w e igh t) are g iven in  Table 1.4.1.
Selenium  has been shown to  be a key com ponent o f  a num ber o f  selenoproteins 
required fo r  optim a l health in  humans [Neve, 1991a]. The m ost fa m ilia r  o f  these are 
the antiox idant enzymes g lu ta th ione peroxidase (GSH-Px) f irs t described by M il ls  in  
1957.
Tetram eric g lutath ione peroxidase contains one selenocysteine residue in  each o f  its  
fou r iden tica l sub-units. G lu ta th ione peroxidase catalyses the reduction  o f  po ten tia lly
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dam aging hydrogen peroxide and a varie ty  o f  organic hydroperoxides (R O O H ) w h ich  
are produced in  v ivo  by free radicals and other oxygen derived species [Zachara, 1992 
and Rayman, 1997]. G lutath ione (G SH ) is used as a reductant and the products 
fo rm ed are water and organic alcohols, as in  the fo llo w in g  equations [Zachara, 1992]:
(G SH-Px)
3 GSH + H 20 2 ->  GSSG + 2H 20  [Equation 1.4.2.]
and
R O O H  + 2G SH - »  R 0 H  + GSSG + H 20  [Equation 1.4.3.]
G lutath ione peroxidase a c tiv ity  is la rge ly  dependent on selenium  intake unless it  
drops be low  a certain leve l [Neve, 1991b], A  h igh  degree o f  corre la tion  (P <  0.001) 
between GSH-Px a c tiv ity  and the concentration o f  selenium in  w ho le  b lood  has been 
demonstrated in  a study o f  222 N e w  Zealanders [Thom son, 1977]. Thom son el al. 
stated that at h igher concentrations o f  b lood  selenium  (>  100 pg I '1) there was no 
s ign ifican t corre la tion  w ith  the a c tiv ity  o f  GSH-Px. S im ila rly , Pearson et al. [1990] 
demonstrated a s ign ifican tly  linea r corre la tion  between GSH-Px a c tiv ity  and serum 
selenium  in  subjects from  N orth -W est England. D ip lo ck  [1993] suggested that i t  is 
possible to  state w ith  some confidence that at b lood selenium  concentrations be low  
1.0 pm o l I 1, there is a good corre la tion  between b lood  o r plasma selenium  
concentration and the a c tiv ity  o f  g lu ta th ione peroxidase in  erythrocytes. He w ent on to  
suggest that plasma selenium  levels therefore gave a good ind ica tion  o f  nu tritiona l 
status w ith  respect to  selenium  in  the body as a whole.
1 .5 . S e le n iu m : T o x ic i t y ,  D e f ic ie n c y  a n d  I ts  R o le  as a n  E s s e n t ia l  T r a c e  
E le m e n t
Selenium , m ore than any other essential element, presents a d icho tom y between its 
ro le  as an essential elem ent and po tentia l to x ic ity . B io lo g ica l in terest in  selenium  was 
la rge ly  restricted to  to x ic  properties u n til the late 1950’ s when Schwarz and Fo ltz  
demonstrated its ro le  as an essential trace element [Schwarz, 1957].
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1.5.1. Toxicity
Selenium to x ic ity  in  anim als is dependent on many factors inc lud ing  chem ical fo rm , 
an im al species, age and sex, and m ethod o f  entry in to  the body. For humans, the L D 50 
is placed at 0.5 - 1.0 g o f  selenium  as e ither a selenate or selenite, whereas the 
ingestion o f  elem ental selenium  has been reported to cause no harm  [IL O , 1972]. The 
m ax im um  tolerance levels fo r  hum an beings is 0.1 m g/m 3 in  a ir and 4 m g I '1 in  water 
[Patty, 1962].
Three types o f  livestock disorders are associated w ith  selenosis: acute to x ic ity , a lka li 
disease and b lin d  staggers. These form s o f  to x ic ity  were observed in  livestock raised 
in  seleniferous areas o f  the Great Plains in  the U n ited  States [Z ingaro, 1974].
A cute  to x ic ity  occurred in  cattle  grazing on plants that had bio-accum ula ted very h igh  
concentrations o f  selenium.
C hron ic ingestion o f  sm aller amounts o f  to x ic  plants resulted in  the disorder called 
b lin d  staggers. The affected animals wandered away from  the herd or flo c k  as th e ir 
s ight deteriorated and th is  gave the d isorder its name. Progression o f  the disease leads 
to  a loss o f  appetite, ataxia, weakness o f  the lim bs and u ltim a te ly  death by respiratory 
fa ilu re .
A lk a li disease results fro m  chron ic  ingestion o f  lesser amounts o f  selenium. H owever, 
these concentrations s t il l prove tox ic . The disease causes extreme m uscular 
tenderness, in flam m ation  o f  jo in ts , m a lfo rm a tion  and sloughing o f  the hoofs and 
horns, and loss o f  mane and ta il ha ir [Raptis, 1983], O ther signs o f  the disease include 
loss o f  appetite and energy, as w e ll as em aciation. Longer-term  symptoms are erosion 
o f  long  bone jo in ts  fo llo w e d  la te r s t il l by cirrhosis, cardiac atrophy and anaemia. The 
name, a lka li disease, o rig ina ted fro m  the incorrect proposal tha t a lka li salts were the 
cause o f  the illness in  horses. I t  was no t u n til 1934 that the h igh  concentrations o f  
selenium  in  forage were found to  be the cause o f  the disease [Rosenfeld, 1964].
11
Endem ic selenosis in  humans has been reported in  China [Yang, 1983 and 1988]. The 
disease is characterised by  loss o f  ha ir and na ils as w e ll as lesions o f  the skin  and 
nails. O ther accidental o r deliberate ingestion o f  selenium  compounds are discussed in  
the lite ra ture  [Carter, 1966; Lom beck, 1987]. G un-blueing, con ta in ing  selenious acid 
along w ith  copper n itra te  and n itr ic  acid, has been accidenta lly  and deliberate ly 
ingested in  a num ber o f  cases . Features com m on to a ll cases are diarrhoea, abdom inal 
pain, garlicky  breath odour, vo m itin g  and va ry ing  levels o f  consciousness ranging 
from  restlessness to  coma. O ther docum ented cases o f  selenium  po ison ing include the 
consum ption o f  selenium  tablets sold as supplements w h ich  had been im properly  
made, g iv ing  a dose o f  between 27 and 31 m g per tab let instead o f  the norm al content 
150 pg [Anon., 1984]. Fortunately, no deaths occurred but symptoms o f  nausea, 
vom iting , ha ir loss, ir r ita b il ity  and fa tigue were com m on in  the 12 cases reported.
The to x ic ity  o f  various form s o f  selenium  have been thorough ly investigated in  anim al 
experiments. The to x ic  doses o f  numerous selenium  compounds introduced in to  the 
an im al in  a varie ty  o f  ways have been studied. Reviews o f  th is subject can be found in  
w o rk  by Combs and Combs [1986] as w e ll as by W ilb e r [1980],
Evidence fo r te ra togen ic ity  o f  excess selenium  was f irs t described by Franke and 
T u lly  [1935] w ho observed m u ltip le  m alfo rm ations and poor hatch ing when chickens 
were fed seleniferous grains. Combs and Combs [1986] have shown that selenium  
intake w h ich  was in su ffic ie n t to produce to x ic ity  d id  abate reproduction in  several 
species.
U nder norm al conditions, chron ic selenium  in take o f  less than 1000 pg/day in  adults 
should not cause to x ic ity  [Pineau, 1989 and Yang, 1983].
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1.5.2. Selenium: deficiency and its role as an essential element
A  sim ple d e fin itio n  o f  an essential trace elem ent is given by N icho las [1961] as ‘ a 
m etabo lic  or functiona l nu trien t’ . M ore  recently M e rtz  [1981] described th e ir 
essentia lity as ‘ required fo r  maintenance o f  l i fe ’ and that ‘ de fic iency consistently 
causes an im pa irm ent o f  a func tion  from  op tim a l to  sub-op tim a l’ .
The recogn ition  o f  selenium  as an essential trace element by Schwarz and Foltz in  
1957 came about when they demonstrated tha t selenium, as an integra l part o f  facto r 
3, prevented liv e r  necrosis in  rats.
Selenium  defic iency has been associated w ith  a num ber o f  disorders in  both man and 
animals. Diseases associated w ith  selenium  defic iency in  anim als include 
reproductive disorders, organ necrosis (M u llb e rry  heart disease) and nu tritiona l 
m yopathies ( ‘ s t i f f  lam b ’ , w h ite  muscle disease and nu tritiona l m uscular dystrophy or 
N M D ) [Shamberger, 1984]. T w o  hum an diseases, alm ost exc lus ive ly  occurring  in  The 
People’ s R epublic o f  China, are associated w ith  lo w  selenium  status [Jiang, 1989 and 
Zhu, 1980]. They are Keshan disease and K ashin-Beck disease.
Keshan disease is a p rim ary  cardiom yopathy, endem ic in  certa in areas o f  C hina and 
associated w ith  very  lo w  b lood  selenium  levels [Yang, 1988]. I t  com m only affects 
young ch ild ren and w om en o f  ch ild -bearing  age. In tervention  w ith  sodium  selenite 
supplem entation has produced bene fic ia l results [Zhu, 1980],
Kash in -B eck disease is a osteoarthropathy and has been thorough ly  reviewed by 
Combs and Combs [1986], The disease is m ost com m only seen in  ch ild ren  w ith in  the 
age group five  to  th irteen years. Severe long-term  effects g ive rise to  shortening o f  the 
long  bones, dysfunction  o f  the jo in ts  and retardation o f  grow th. As w ith  Keshan 
disease, supplem entation w ith  selenium , as sodium  selenite, has proved benefic ia l 
[D ip lo ck , 1987],
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S im ila rly , patients on parenteral n u tr it io n  have demonstrated selenium  responsive 
m yopathy [V an  R ij,  1979 and K ien , 1983] and cardiom yopathy [Q uercia, 1984]. 
Supplem entation w ith  selenium , as selenom ethionine, produced im provem ents w ith in  
a week in  one case [V an  R ij,  1979].
The b iochem istry o f  iod ine and selenium  have been shown to  be linked. The type 1 5 '-  
iodothyron ine deiodinase responsible fo r  the conversion o f  the honnone T 4 (storage 
fo rm ) to  T 3 (active fo rm ) is a selenoenzyme [Berry, 1991], Vanderpas et al. [1990] 
showed that a popu la tion  in  N orth-W estern  Za ire  had a very poor selenium status. 
Th is  is pa rticu la rly  s ign ifican t as the popu la tion  also suffered fro m  severe iod ine 
defic iency. Th is com bined defic iency has been shown to exacerbate hyperthyro id ism  
[A rthu r, 1996],
In  add ition  to  those disorders associated w ith  selenium  defic iency already mentioned, 
there are other disorders w h ich  relate to  m arginal selenium  deficiency. 
E p idem io log ica l studies o f  selenium  status and the prevalence o f  cancer [Shamberger, 
1973 and 1976; C o w g ill, 1983; W ille tt ,  1983; C lark, 1985; Y u , 1985] and 
cardiovascular disease [Shamberger, 1975] have shown the potentia l o f  selenium  
supplem entation to  im prove  the health o f  the population. These find ings have fue lled  
the fu rthe r study o f  selenium  as an essential trace elem ent and the effects o f  
supplementation. M ore  recently C la rk  et al. [1996] showed a 50%  low er cancer 
m o rta lity  in  patients w ith  skin cancer when supplemented w ith  200 pg o f  selenium  a 
day.
A n  im portan t selenoprotein has been found  in  the m id-piece reg ion o f  the sperm ta il 
[W allace, 1987]. In  cases o f  selenium  de fic iency abnorm alities in  th is  region o f  the 
ta il g ive rise to  im pa ired  sperm m o til ity  [Behne, 1996]. Sperm m o tility  has been 
shown to  im prove in  sub-fertile  m en supplemented w ith  selenium  [Scott, 1997].
14
B erry  [1993] theorised that a m a lfunc tion  in  the selenium  transport prote in, 
Selenoprotein P, expla ined the existence o f  certa in markers in  a subtype o f  
schizophrenia.
M ore  recent studies have demonstrated that re la tive ly  harmless viruses can become 
v iru le n t by passing through a host tha t is selenium  de fic ien t [Beck, 1995], Th is w o rk  
has also suggested an exp lana tion fo r the f irs t appearance o f  H IV  in  Za ire  (noted as a 
selenium  de fic ien t area) and the appearance o f  new strains o f  in fluenza  in  certa in 
areas o f  China. The decrease in  serum selenium  observed in  patients w ith  A ID S  (and 
also noted in  H IV -1  asym ptom atic ind iv idua ls ) has been docum ented [M antero- 
A tienza, 1991 a and b; D w o rk in , 1994 and 1988; Schumacher, 1994]. I t  remains 
unclear whether the selenium  de fic iency has a ro le  in  the pathogenesis o f  the disease 
o r is m erely a consequence o f  it.
Chareonpong-Kawam oto and Yasum oto observed that selenium  de fic iency in  m ale 
W ista r rats caused an iro n  overload and m inera l im balance in  tissues and serum. Iron  
concentrations were 50% higher in  selenium  de fic ien t rats com pared w ith  controls. 
D e fic iency  also affected concentrations o f  magnesium, ca lc ium , copper and z inc in  
serum [Chareonpong-Kawam oto, 1995].
Selenium  adm in istra tion  has been shown to  counteract the to x ic ity  o f  heavy metals 
such as cadm ium , inorgan ic m ercury, th a lliu m  and, to a lim ite d  extent, s ilve r 
[Johnason, 1991 and W hanger, 1992]. W hanger w ent on to  propose that the protective 
effect o f  selenium  against cadm ium  and m ercury to x ic ity  occurs th rough the d iversion 
o f  the ir b ind ing  from  lo w  m o lecu la r w e igh t proteins to h igh  m olecu lar w e igh t 
proteins.
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1.6. Human Selenium Status and Supplementation
The norm al selenium  status o f  a popu la tion , as assessed by a num ber o f  b iochem ica l 
indices, varies w id e ly  [Neve, 1988], A n  exce llen t rev iew  o f  the factors a ffec ting  b lood 
serum selenium  concentrations is inc luded in  the w o rk  by A lfth a n  and Neve [1996] in  
w h ich  they were p r im a rily  interested in  rev iew ing  the lite ra ture  fo r  suitable serum 
selenium  reference values. O ut o f  the 291 papers reviewed by  A lfth a n  and Neve on ly  
36 m et the ir c rite ria  fo r the T racy p ro ject [Vesterberg, 1993]. Factors a ffec ting  pre- 
ana lytica l selenium  levels in  serum inc lude geographical area, d ie t and tim e o f  
sampling. Gender, occupation, and the use o f  supplements and/or m edication were 
also considered im portan t determ inants. E thn ic  o rig in , sm oking and fasting were 
considered to  be o f  lit t le  im portance. In teresting ly, the possible in fluence o f  
contam ination o r analyte loss fro m  sam pling or storage were considered to be o f  
neg lig ib le  im portance fo r the analysis o f  selenium.
1.6.1. D ie t
I t  is read ily  accepted that n u tr it io n  is the m a in  determ inant o f  b lood  serum selenium  
levels. Changes in  quantity  and qua lity  o f  selenium  intake can rap id ly  a ffect them. 
Intake and corresponding b lood serum selenium  levels have been shown to  be fa ir ly  
linear [A lfth a n , 1996]. Vegetarians on a s tric t d ie t may have a s ign ifican tly  low er 
selenium  intake than om nivores, resu lting  in  low er b lood  selenium  concentrations 
[Shultz, 1983]. In  some countries the prevalence o f  fish  in  the d ie t m ay result in  
s ign ifican tly  h igher b lood  serum selenium  levels. Th is was observed by A lfth a n  
[1988] in  F in land between the years 1975-1984. The popu la rity  o f  selenium 
supplements in  Europe and the U n ited  States in  late 1980’ s has resulted in  the 
doub ling  o f  d a ily  intakes in  some pa rtic ipa ting  populations. M o s t supplements conta in  
selenium  in  a dose o f  between 50 and 100 pg day"1, bu t the chem ica l fo n n  o f  the 
supplements vary. B lo o d  serum selenium  concentrations are affected d iffe re n tly  by 
the fo rm  o f  selenium  used in  the supplement, w h ich  can be selenite, selenate, 
selenium -enriched yeast o r selenomethionine.
16
1.6.2. Time of sampling
T im e  o f  sam pling is an im portan t criteria. In  N ew  Zealand and F in land, b lood 
selenium  levels have shown tw o  fo ld  differences in  concentration depending on the 
tim e  o f  year [A lfthan , 1996]. M any countries re ly  on im ported h igh-selen ium  wheat to  
supply the populace w ith  selenium.
1.6.3. G eography
Precise geographical loca tion  is an im portan t facto r o f  the sam pling pro toco l as w ide, 
geographic varia tions in  selenium  concentrations have been iden tified . A  precise 
descrip tion o f  the sam pling loca tion  is preferable as rura l, urban, coastal o r in land  
loca lities  have an e ffec t [A lfth a n , 1988]. In  m ore isolated com m unities, where there is 
l i t t le  interchange o f  food  between populations, there is often a s ign ifican t corre la tion  
between the loca l a va ila b ility  o f  selenium  and the selenium  status o f  the population. 
The reference values fo r  selenium  b lood  serum concentrations are reviewed 
thorough ly  in  Table 2.2.2. A  shorter rev iew  presenting the extremes o f  selenium in  
b lood  serum w ith  loca tion  are presented in  Table 1.6.3.
Table 1.6.3. R ecently reported levels o f  selenium  in  human b lood  serum
dem onstrating the extremes w ith  d iffe ren t geographical locations and 
supplementation.
Geographical loca tion  Concentration n Reference
M ean ±  SD or
Serbia 49.7 ±  17.4 875 M aks im ov ic , 1992
N e w  Zealand 54.5 ± 5 .5 3 33 Thom son, 1993
Lodz, Poland 7 9 .7 + 1 8 .2 104 W asow icz, 1987
U S A , seleniferous soils 1 6 1 .1 + 2 1 .3 24 Swanson, 1990
F in land
Pre-supplem entation, 1977 51.3 ±  5.5 24 A lfth a n , 1988
Post-supplementation, 1988 1 0 9 .7 + 8 .7 45 A lfth a n , 1991
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China, Peoples’ R epub lic  
H ig h  selenium  area, w ith  to x ic ity  3200
H ig h  selenium  area, w ith o u t to x ic ity  440
M oderate selenium  area, B e ijin g  95 
L o w  selenium  area 27
L o w  selenium  area, w ith  K D  and/or 12
K B D
K B D  =  Kash in-Beck Disease 
K D  =  Keshan Disease
1.6.4. H e a lth
Health  states w h ich  may in fluence  b lood  serum selenium levels include liv e r and 
k idney dysfunction  [K a llis tra tos, 1985 and V a lim a ld , 1991] and acute in fec tion  
[Sam m alkorp i, 1988]. O ther more serious diseases are know n to  s ig n ifica n tly  decrease 
levels o f  selenium  in  b lood  serum [Neve, 1991b].
1.6.5. O ccu p a tio n
I t  is generally accepted tha t occupational exposure can s ign ifican tly  increase b lood 
selenium  levels but is rare ly reported or considered in  the lite ra tu re  [A lfth a n , 1996], 
Occupations o f  particu la r s ign ificance w ou ld  be copper m in in g  and sm elting, glass 
manufacture, xerography, and in  certa in regions the agricu ltu ra l use o f  fe rtilise rs  
conta in ing elevated levels o f  selenium  (e.g. F inland).
1.6.6. M e d ic a tio n  and a lcoho l consum ption
The use o f  ora l contraceptives was reported to  increase b lood  serum selenium 
concentrations s lig h tly  in  tw o  studies [V erlinden , 1983b; De v. Heese, 1988] but 
decrease them  in  a th ird  [Oster, 1982]. The treatm ent o f  leukaem ia in  ch ild ren  w ith  
chemotherapy has been shown to  m arked ly  increase b lood  serum selenium  [Koskelo, 
1990],
D ip lo ck , 1987 
D ip lo ck , 1987 
D ip lo ck , 1987 
D ip lo ck , 1987 
D ip lo ck , 1987
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The consum ption o f  a lcohol does not d ire c tly  a ffect serum selenium  status but does 
in d ire c tly  through liv e r dysfunction  [V a lim a k i, 1983].
1.6.7. D ie ta ry  re q u ire m e n ts  and supp lem en ta tion
The m in im a l selenium  requirem ent is dependent on the fo rm  o f  the selenium  ingested 
and the nature o f  the rest o f  the diet. The recommended dietary a llow ance ’ s fo r  
selenium  are shown in  Table 1.6.7.
Table 1.6.7. Recommended D a ily  Am ounts o r D ie ta ry  Reference Values (p g  /day 
selenium ) from  a varie ty  o f  sources
Group R D  A /D R V Reference
A l l 40 Yang, 1987
M en 70 Food and N u tr it io n  Board, (U .S .) 1989.
W om en 55 Food and N u tr it io n  Board, (U .S .) 1989.
Infants, 10-15 Pennington, 1984
A du lts 55-70 Pennington, 1984
M en 75 D ie ta ry  Reference Values ...U .K .C O M A , 1991
W om en 60 D ie ta ry  Reference Values ...U .K .C O M A , 1991
In  F in land, the poor a va ila b ility  o f  so il selenium  is a resu lt o f  a re la tive ly  lo w  
selenium  concentration, lo w  pH  and h igh  iro n  content o f  the F inn ish soil. Th is poor 
selenium  a va ila b ility  had an e ffect on the selenium  status o f  the F inn ish  population. 
The M in is try  o f  A g ricu ltu re  and Forestry o f  F in land, aware o f  the lo w  selenium  intake 
o f  the popula tion and suggestions o f  its  possible harm fu l health effects [Salonen, 
1982], began supplem enting fe rtilise rs  w ith  sodium  selenate in  1984 [V aro , 1988]. 
W ith in  tw o  years a th ree-fo ld  increase in  selenium intake was observed in  the 
popula tion, w ith  a ll m a jo r food  groups having been affected apart fro m  fish. The 
results on the human popu la tion  were that serum selenium  concentrations had alm ost 
doubled w ith  G SH-Px a c tiv ity  in  b lood  platelets reaching a near m ax im a l level by
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1990 [A ro , 1995]. The long-term  health effects o f  th is  fo rm  o f  supplem entation have 
s till to  be established.
1 .7 . A im s  o f  th e  r e s e a rc h
Investiga tion  o f  the selenium  status in  m an and his environm ent requires an analytica l 
technique that a llow s accurate and precise determ inations o f  selenium  concentrations 
at the pg f 1 level. The fo llo w in g  lis t gives examples o f  research proposals that require 
such a technique and examples o f  fa ilings  in  the available techniques:
( i)  in  his reviews o f  selenium  in  man and nu trition , B u rk  [1976 and 1978] 
ou tlined  the d irections in  w h ich  research efforts should go. A m ongst the 
suggested d irections fo r  fu tu re  research was the need fo r the evaluation and 
development o f  methods fo r assessment o f  selenium  status;
( i i )  Levander [1976] suggested fu rthe r research should be undertaken in to  the 
determ ination o f  selenium  in  areas o f  borderline  defic iency, w h ich  is o f  
particu la r im portance in  areas lik e  N e w  Zealand;
( i i i )  A lfth a n  and Neve [1996] in  the ir paper on the published reference values fo r 
selenium  in  human b lood  serum found satisfactory precis ion data in  on ly  
50% o f  the papers they reviewed;
( iv )  one o f  the m ain  aims o f  the T racy P ro toco l [Vesterberg, 1993] was to 
establish re liab le  reference values fo r  trace elements in  hum an tissues and 
body flu ids  fo r  the evaluation o f  excessive exposure under occupational 
conditions. In  the case o f  selenium  the prim ary a im  was to  he lp  id e n tify  
popu la tion  groups w ith  serum selenium  levels ind ica ting  sub-optim al or 
excessive intakes [A lfth a n , 1996];
(v ) Professor John G arrow  (ed ito r o f  the European Journal o f Clinical Nutrition) 
w rote in  the Independent Newspaper [1996]
‘There are products on the market containing vitamins A, C, E and selenium which tell you 
they enhance your defences against cancer and heart disease. That is a medical plane claim and
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so it is perfectly reasonable they should undergo the same screening process as conventional 
drugs’ ;
(v i)  fin a lly , to  quote H eydom  [1984]
‘Selenium is an essential element for higher animals including man, but is also a toxic element; 
the range o f concentrations between deficiency and toxicity is only about 2 orders of 
magnitude. It is therefore veiy important to be able to accurately determine selenium in the 
environment and in biological samples’ .
Th is thesis w i l l  focus on develop ing a technique suitable fo r trace determ inations o f  
selenium  w ith  specific  reference to  concentrations found in  b lood  serum. The w ork  
w i l l  consist o f  three m ain areas o f  research;
( i)  a c r it ica l rev iew  o f  the techniques presently available to  the analyst fo r  the 
determ ination o f  selenium  concentrations in  b lood serum. Th is  w i l l  also 
inc lude a thorough rev iew  o f  the published literature values fo r  selenium 
concentrations in  b lood  serum;
( i i)  the assessment o f  three d iffe re n t sample in troduction  techniques fo r 
induc tive ly  coupled plasma mass spectrom etry (IC P-M S):
C onventional pneum atic nebulisa tion (V -groove nebuliser or V G N );
U ltrason ic  nebulisa tion (U S N );
H ydride generation (HG).
These techniques, in  con junction  w ith  certa in m od ifica tions, w i l l  be assessed 
fo r the ir su ita b ility  to  determ ine selenium  concentrations in  synthetic 
solutions, made fro m  standards o f  know n concentration. The in fluence o f  
po lya tom ic io n  interference on various isotopes o f  selenium  w i l l  also be 
investigated along w ith  experim enta tion to suppress or overcom e these 
interferences;
( i i i )  the app lica tion  o f  these methods o f  sample in troduction  to  the analysis o f  
selenium  in  b lood  serum. Th is  w i l l  invo lve  studies o f  the fo llo w in g ;
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(a) evaluation o f  b lood  serum m a trix  effects on selenium  analysis by 
ICP-M S;
(b) va lida tion  o f  the sample in troduction  m ethodologies em ployed 
using a b lood  serum reference m aterial.
The resu lting  research w i l l  demonstrate the development o f  methods fo r  the analysis 
o f  selenium  in  b lood  serum by ICP-M S. I t  is an im portant c rite ria  tha t the methods 
can be applied to  rou tine  analysis and ep idem io log ica l studies; case-control studies 
designed to  investigate the effects o f  chron ic  d ietary de fic iency o f  essential trace 
elements typ ica lly  produce hundreds o f  samples at a m in im u m  [Baskett, 1994]. 
Therefore, the m ethod developed m ust focus on m in im is in g  the sample preparation 
and analysis tim e  to  a manageable level. How ever, the m ethod m ust s t il l be able to  
produce useful ep idem io log ica l data regarding d ie tary selenium  m onito red  by  b lood  
serum.
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C h a p t e r
T h e  A n a l y s i s  o f  S e l e n i u m  i n  B i o l o g i c a l  S a m p l e s
2 ,1  T h e  A n a ly s is  o f  S e le n iu m  in  H u m a n  B io lo g ic a l  S a m p le s  -  A n  
O v e s 'v ie w
The physio log ica l im portance o f  selenium  was discussed in  Chapter 1. M ethods fo r 
analysis o f  th is  essential trace elem ent, w ith  specific  reference to  b lood  serum, shall 
now  be evaluated.
The determ ination o f  m acro-amounts o f  selenium  is tra d itio n a lly  carried out by 
g rav im etric  or vo lum e tric  analysis. Techniques accurate and sensitive enough to 
measure trace selenium  concentrations in  b io log ica l o r envirom nenta l samples are 
re la tive ly  new, having been developed in  the last 40 years or so. D in in g  th is  tim e, a 
large am ount o f  lite ra ture  on the determ ination  o f  selenium  concentrations in  various 
hum an c lin ica l samples has been published. A n  overv iew  o f  some o f  the data 
generated fro m  these studies is g iven in  Table 2.1.
Table 2.1. Reported levels o f  selenium  in  hum an tissues and body flu ids  
(norm al or con tro l values unless otherw ise stated).
M ate ria l C oncentration 
mean ±  SD 
o r range
(p g  m l"1 or g g g 1)
n A na ly tica l
method
Reference
B lo o d  (Erythrocytes) 0.34 1 F luo rim e try B urk , 1967
B lood  (Erythrocytes) 0.24 254 N A A D ickson, 1967
B lood  (Erythrocytes) 0.07 34 N A A M axia , 1972
B lo o d  (T o ta l) 0.32 8 N A A Bow en, 1963
B lood  (T o ta l) 0.22 12 F luorim etry B u rk , 1967
B lood  (T o ta l) 0.18 254 N A A D ickson, 1967
B lood  (T o ta l) 0.21 210 F luorim e try A lla w a y , 1968
B lood  (T o ta l) 0.18 1 N A A H a lle r, 1969
B lood  (T o ta l) 0.09 5 N A A Japenga, 1971
B lood  (T o ta l) 0.22 10 F luo rim e try Shamberger, 1971
B lood  (T o ta l) 0.06 98 M S H am ilton , 1972
B lood  (T o ta l) 0.25 1 X R F Jaklevic, 1972
B lo o d  (T o ta l) 0.07 8 N A A M axia , 1972
A uckland , N . Zealand 0.08 ± 0 .0 1 122 F luo rim e try Robinson, 1979
Dunedin, N . Zealand 0.06 ± 0 .0 1 59 F luorim e try Robinson, 1979
Tapanui, N . Zealand 0.06 ± 0 .0 1 49 F luorim etry Robinson, 1979
B lood  (T o ta l) 92 ±  1 N A A , 77mSe W ard, 1979
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B lood  (T o ta l)
B lood  (T o ta l)
B lo o d  (T o ta l) 
Supplem entation 
study 
C ontro ls
R ece iv ing  inorganic 
selenium
R eceiv ing organic 
selenium
Cerebrospinal F lu id  
Cerebrospinal F lu id  
Cerebrospinal F lu id  
Cerebrospinal F lu id
F la ir
H a ir
H a ir
F la ir
H a ir
H a ir
H a ir
H a ir
H a ir
F la ir
H a ir (M a le )
H a ir (Female)
H a ir (M a le )
H a ir (Female)
Heart
Heart
Heart
Heart
Heart
K idney
K idney
K idney
K idney
K idney
K idney
K idney
K idney
L ive r
L ive r
L iv e r
L iv e r
L ive r, N o rm a l
0.05-0.08
0.095
97
E levated fro m  95 
to  220 
E levated from  
100 to  120
<0.01 
<0.034 
0.019 ± 0 .0 1 3  
0.075 ±  0.004
1.09
4.80 
1.75 
0.75 
0.64 
1.95 
2.53
0.55-16.2 
0.58-0.76 
1.05 ±  1.53 
0.48 ±  0.05 
0.37 ±  0.06 
0.34 ± 0 .0 8  
0.29 ±  0.08
0.07
0.22
1.14
0.28
0.93
0.15
0.63
3.50
1.17
0.10
0.15
0.58
2.05
0.09
1.80 
0.68 
0.30
1.73 ± 0 .2 4
4 F luo rim e try
E T A -A A S
12 E T A -A A S
12 E T A -A A S
12 E T A -A A S
N A A
20 ICP-OES
10 E T A -A A S
10 ICP-M S
23 N A A
9 N A A
718 N A A
66 N A A
2 M S
26 N A A
20 N A A
Fluorim e try
ICP-AES
ICP-AES
6 N A A
6 N A A
3 E T A -A A S
3 E T A -A A S
3 M isc.
2 N A A
10 N A A
4 F luorim e try
32 N A A
3 M isc.
2 N A A
2 X R F
5 F luorim e try
8 M S
8 X R F
7 N A A
24 N A A
3 M isc.
3 X R F
5 F luo rim e try
11 M S
7 N A A , 77mSe
Robinson, 1988 
Lock itch , 1989
Lassen, 1994 
Lassen, 1994
Lassen, 1994
K je ll in ,  1968 
Hershey, 1983 
E l-Y a z ig i, 1984 
W ard, 1988
G oldb lum , 1953 
Betteridge, 1965 
Perkons, 1965 
Bate, 1966 
Yurachek, 1969 
K o p ito , 1972 
Burger, 1974 
Yang, 1989 
Ohta, 1987 
Senofonte, 1989 
Harrison, 1995 
Harrison, 1995 
Harrison, 1995 
Harrison, 1995
Erm akov, 1965 
D ickson, 1967 
Liebscher, 1968 
Schroeder, 1970 
Schicha, 1972
Erm akov, 1965 
D ickson, 1967 
Fu lle r, 1967 
Schroeder, 1970 
H am ilton , 1972 
H am ilton , 1972 
Larsen, 1972 
Schicha, 1972
Erm akov, 1965 
Fu lle r, 1967 
Schroeder, 1970 
H am ilton , 1972 
M cC onne ll, 1975
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L ive r, Diseased 1.40 +  0.06 4 N A A , 77raSe M cC onne ll, 1975
L iv e r 0.26 +  0.05 N A A , 77mSe Cornelius, 1984
Lung 174 + 68 N A A , 77mSe Cornelius, 1984
M uscle  (Skeleta l) 0.09 3 M isc. E rm akov, 1965
M uscle  (Skeleta l) 0.40 12 N A A Dielcson, 1967
M uscle  (Skeleta l) 1.18 3 X R F Fu lle r, 1967
M uscle  (Skeleta l) 0.26 4 F luorim e try Schroeder, 1970
M uscle  (Skeletal) 0.11 6 M S H am ilton , 1972
M uscle  (Skeleta l) 0.17 6 N A A Larsen, 1972
N a ils 8 9 M S H arrison, 1972
N a ils 1.14 N A A Hadjim arkos, 1973
N a ils 0.05-0.61 E T A -A A S Tsalev, 1983
Toenails * (1 ) 0.569 +  0.104 355 IN A A van den Brandt, 1994
Toenails * (2 ) 0.575 +  0.109 921 IN A A van den Brandt, 1994
N a ils  (M a le ) 0.61 +  0.04 6 N A A Harrison, 1995
N a ils  (M a le ) 0.57 +  0.04 3 E T A -A A S Harrison, 1995
Pancreas, N orm al 0.63 ±  0.07 N A A , 77mSe M cC onne ll, 1975
Pancreas, Diseased 0.98 +  0.05 11 N A A , 77mSe M cC onne ll, 1975
Placenta 0.37 16 N A A Dawson, 1968
Placenta 0.47 7 N A A Thiem e, 1973
Placenta 1.7 822 N A A Baglan, 1974
Placenta 1.24 f N A A Thiem e, 1975
Placenta 1.64 j N A A Thiem e, 1975
U rine 0.030 F luorim etry Schroeder, 1971
U rine 0.049 N A A H adjim arkos, 1973
U rine 0.027 + 0.0087 12 F luorim e try Rodriguez, 1994
U rine 0.090 58 N A A , 77mSe Baskett, 1994
L o w  0.0017
__________________________ H ig h  0.707_________________________________
f  (urban popu la tion)
{  (ru ra l popu la tion)
Toenails * (1 ) =  breast cancer study patients 
Toenails *(2 ) =  contro ls to  breast cancer study 
A bbrevia tions o f  methods used:
N A A  =  N eutron  activa tion  analysis
IN A A  -  Instrum ental neutron activa tion  analysis
M S  =  Mass spectrom etry
X R F  =  X -R ay fluorescence
G LC  =  Gas liq u id  chrom atography
ICP-OES =  Inductive ly  coupled plasma - optica l em ission spectrom etry
E T A -A A S  =  E lectro therm al a tom isation  - a tom ic absorption spectroscopy
IC P-M S =  Induc tive ly  coupled plasma mass spectrometry
IC P-AES  =  Induc tive ly  coupled plasma atom ic em ission spectrom etry
V O L . =  V o lum e tric  analysis
AES =  A to m ic  em ission spectrom etry
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2.2 Blood Plasma and Serum
Plasma has m any components and functions. I t  consists o f  about 90%  water, 7%  
proteins, 2%  re la tive ly  sm all organic compounds (com pared to  the larger prote in  
m olecules) and 1% inorgan ic m ateria l [T orto ra , 1987]. Plasma proteins help m ain ta in  
b lood  vo lum e and other essential physical properties o f  the w ho le  b lood  such as 
viscosity. Plasma proteins also have im portan t functions in  activ ities  such as 
bu ffe ring , transporting, coagulation, im m uno logy and nu trition . In  order fo r  b lood  to  
perform  many o f  its numerous roles, i t  m ust be a rap id ly  c ircu la ting  m edium  and 
hence v iscos ity  is o f  param ount im portance. I f  the vo lum e o f  plasma fa lls , v iscos ity  o f  
the w hole  b lood  increases as the concentration o f  red cells increases re la tive  to  the 
plasma. This, in  tu rn , leads to  an increase in  resistance to f lo w  and a greater strain is 
put on the heart. B lood  vo lum e is dependent on the balance between the hydrostatic 
pressure o f  the b lood  in  the cap illa ries and osm otic pressure [Torto ra , 1987]. O f  a ll 
the plasma proteins, a lbum in  has the greatest e ffect on osm otic pressure. Th is is due 
to  its concentration (50%  o f  the proteins by mass) and its properties w h ich  inc lude a 
re la tive ly  lo w  m olecu lar w e ight, lo w  v iscos ity  (because o f  its c ircu la r shape) and h igh 
negative charge at phys io log ica l pH  [Torto ra , 1987].
A  ro le  o f  plasma proteins, especia lly a  and ft g lobulins, is to act as transporters o f  
v itam ins, hormones, cholesterol, b ile  pigm ents, phospholip ids, fa tty  acids and other 
v ita l nonprote in  m olecules in  the bloodstream. A m ong  these proteins are specific  
m e ta l-b ind ing  proteins such as transfe rrin  and ceru lop lasm in [Tortura , 1987].
I f  a b lood  sample is drawn fro m  the body and a llow ed to c lo t, then the end products 
are a precip ita te  o f  b lood  cells, emneshed in  the fib r in  and, a w atery so lution, serum. 
The m ain  d ifference between plasma and serum is that plasma contains fib rinogen. 
Serum is the m ost popular choice fo r  b io log ica l trace elem ent studies, rather than 
w ho le  b lood, as the la tte r requires the add ition  o f  anticoagulants to  prevent c lo tting . 
Th is in  tu rn  can lead to  sample contam ination. In  the case o f  induc tive ly  coupled 
plasma mass spectrom etry (IC P -M S ), the m em ory e ffect o f  using a lith ium -based
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anticoagulant w ou ld  preclude the analysis o f  lith iu m . S im ila rly , many b lood  
anticoagulants conta in  trace im purities  o f  essential elements, lik e  z inc, copper, n icke l 
and chrom ium .
2.2.1 T he  use o f  b lood se rum  fo r  the  ana lys is  o f  essentia l tra c e  elem ents, 
w ith  spec ific  re fe rence  to  se len ium  de te rm in a tio n s
A lthough  b lood serum is a favoured m edium  fo r  the determ ination o f  trace element 
levels in  a subject, the m a trix  presents problem s fo r  the analyst.
Problems associated w ith  analysing b lood  serum m ay be summarised as fo llo w s
( i)  sample co llection :
un like  ha ir o r n a il m atrices, serum samples are more d if f ic u lt  to  obtain, 
requ iring  sk illed  phlebotam ists to  take the samples and a greater degree o f  
acquiescence on the part o f  the donor as the sam pling is m ore invasive.
The sc ien tific  lite ra tu re  contains strong evidence o f  errors associated w ith  
sam pling b lood serum [W ard, 1993] fo r  the elements A l,  B , Cd, Cr, Cu, I, M o , 
M n , N i, Rb V  and Z n  (Tab le  2.2.1.);
( i i )  sample separation:
b lood  serum sam pling requires the im m ediate separation o f  the serum fro m  the 
w ho le  b lood  w h ich  again necessitates the need fo r sk illed  personnel and 
specialised equipment. A s shown in  Table 2.2.1. a s ign ifican t prob lem  arises 
during  sample separation i f  the b lood  hemolyses, leading to  problem s fo r 
establishing correct manganese, zinc, arsenic and rub id ium  levels. F o llo w in g  
serum separation i t  is im portan t that rem oval o f  the serum by the use o f  a 
p ipette does no t d isturb the c lo t layer. Th is may introduce ce ll debris in to  the 
serum layer, in troduc ing  false levels o f  iron , copper and z inc  (w h ich  are in  
m uch higher concentrations in  red b lood  cells compared to  serum);
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Table 2.2.1. Sources of contamination when sampling blood serum [Ward, 1993],
Source o f  co n ta m in a tio n  E lem ent(s) a ffected
powdered gloves used by the 
ph lebo tom ist
a lum in ium
use o f  a swab fo r cleaning arm 
or area o f  b lood  sam pling
Iod ine
the sam pling needle chrom ium  and n icke l
ce ll debris from  the skin manganese
b lood  hem olysis manganese, zinc, arsenic and 
rub id ium
sam pling tubes and stoppers copper, zinc, boron, a lum in ium , 
cadm ium  and manganese
contact o f  the serum w ith  the 
b lood  c lo t
iron  and zinc
( i i i )  storage:
the storage o f  serum samples is more prob lem atic  than tha t o f  na il and ha ir 
samples w h ich  have greater long  term  stab ility . Samples have been shown to  
su ffe r from  serious loss o f  selenium  during  dehydration, e ither from  freeze 
d ry ing  o r oven d ry ing  at lo w  temperatures [Fourie, 1977], Samples o f  oyster, 
Crassostrea gigas, showed s ligh t loss o f  selenium  ( -5 % ) up to  temperatures o f  
105°C in  an oven. A t  oven temperatures o f  120°C and above, the loss became 
fa r greater ( -1 5 %  at 120°C) [Fourie, 1977]. Contrary to  these find ings are 
Sager’ s observations tha t the d ry ing  o f  plants, an im al tissues and body flu ids  
up to  120°C caused no observed loss o f  selenium [Sager, 1993]. The v o la tility  
o f  selenium  is a problem  encountered in  m any o f  the sample preparations 
discussed later. Serum samples require e ither im m ediate analysis o r careful 
storage and containm ent. Th is  becomes problem atic fo r  read ily  perishable 
samples such as serum i f  re frige ra tion  is unavailable. There are also particu la r 
requirements fo r  s toring  digested samples w h ich  m ust be kept in  ac id ic  
conditions, pre fe rab ly n itr ic  acid  and at a pH  o f  3.8 o r low e r [Shendrikar,
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1975]. Shendrikar showed tha t the storage o f  a sample w ith  a selenium  
concentration o f  1 pg m l"1 at pH  7 suffered a s ign ifican t loss o f  selenium  from  
the sample in  the reg ion o f  4-8% . The degree o f  loss was dependent on the 
storage m ateria l. For example, Pyrex and f l in t  glass showed less adsorption 
than polyethylene (1% , 1.3% and 1.8% respectively over a 14 day period at 23 
±  2°C). U nfortuna te ly , Shendrikar d id  not study the potentia l losses at low er 
concentrations w h ich  w o u ld  have been more representative o f  b lood  serum 
samples. The loss o f  <2%  is m in im a l and th is could be fu rthe r reduced by a 
short sample storage tim e  o f  less than 24 hours at temperatures be low  4°C. 
T ak ing  in to  account the above find ings, m y methods fo r  the storage and 
analysis o f  serum samples w i l l  be discussed in  section 2.4.2. and Chapter 5;
( iv )  sample preparation:
to  quote Sager [1993] fro m  his w o rk  on the analysis o f  selenium  in  b io log ica l 
samples:
‘Organic compounds o f the matrix very often interfere with common analytical methods, as can 
be easily shown by the addition o f selenite to incompletely mineralised samples: they block 
separation columns, make foam in the course o f hydride evolution, make smoke in the graphite 
furnace for AAS, alter electrode surfaces etc..’
Sager w ent on to  conclude that the m ost suitable m ethod fo r analysing 
selenium  should include a p rem inera lisa tion  step to  break up the m atrix . 
H owever, losses o f  analyte w ith  prem inera lisation can be a problem . As such, 
m ost analytica l methods require the to ta l destruction o f  a ll the organoselenium  
compounds. Am ongst these are the acid resistant sulphur and selenium  - 
conta in ing am ino acids, m ethionine, cysteine and cystine. O f  a ll the 
compounds in  the body, the organoselenium  compounds (selenom ethionine, 
selenocysteine and the tr im e thy l selenonium ion ) are the m ost d if f ic u lt  to  
digest [V erlinden , 1982]. T rim ethylse lenon ium , the m a in  m etabolite  in  urine, 
is not vo la tile  and needs about 20 m ins. in  b o ilin g  H N 0 3:HC104 1:1 to convert 
i t  to  inorganic selenium ;
(v ) sample analysis:
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the problem s o f  analysing samples fo r  selenium  vary w ith  the method 
used. These w i l l  be discussed in  greater depth later when the available 
methods o f  trace e lem ent analysis w i l l  be assessed. H ow ever, some problems 
are com m on to  most, i f  not a ll, the methods fo r the determ ination  o f  selenium  
concentration in  b lood  serum. N early  a ll the methods require e ither d ilu tio n  or 
m inera lisa tion  o f  the serum m a trix  in  order to reduce m a trix  effects and the ir 
associated interferences. Some methods require the sample to  be in  a so lid  
state, as in  activa tion  analysis, so preparation methods such as freeze-drying 
are required. There is a large d isparity  in  sample vo lum e requirements 
between the various methods o f  trace elem ent analysis. Some methods require 
o n ly  sm all vo lum es (therefore o n ly  requ iring  sm all d ilu tio n  steps) fo r  
exam ple E T A -A A S  o f  F I-IC P -M S ; o r conversely large vo lum e requirements 
(necessitating large d ilu tio n  factors), such as, FAAS o r H G -IC P-M S.
Despite the problem s associated w ith  analysing b lood serum, its use as a m a trix  in  the 
determ ination o f  trace elements has found  com m on acceptance fo r  m any studies. 
Serum samples are favoured over other b io log ica l samples as they show the donors 
present trace elem ent status as opposed to  th e ir  h is torica l status w h ich , fo r example, a 
ha ir sample w ou ld  show. In  add ition , Robinson and Thom son [1983] excluded the use 
o f  ha ir analysis from  th e ir study o f  selenium  status in  humans due to  the period ic  use 
o f  selen ium -conta in ing shampoos. I t  has been demonstrated by Chen et al. [1980] that 
there is an excellent corre la tion  between selenium  concentrations in  ha ir and w hole  
blood. B o th  na il and ha ir samples show the subject’ s b iochem ica l status over a long  
period, no rm a lly  a m atter o f  m onths rather than hours w ith  serum. Ge and Yang 
[1993] recommended the use o f  w ho le  b lood, plasma and urine as b io log ica l markers 
o f  selenium  nu tritio n a l status, as they re flec t recent intake o f  the element. D ip lo c k  
[1993] however argued that the determ ination  o f  selenium  status from  analysing urine 
was prob lem atic  and fraught w ith  d ifficu ltie s . Lob insld  [1996] w ent on to state that 
u rine  and faeces are usua lly  on ly  used as m edia fo r  analysis in  industria l health 
studies.
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The determ ination o f  G SH-Px a c tiv ity  in  red b lood  cells and platelets gives an ind irec t 
measure o f  selenim n status over a longer (3 m onth) period [H arrison, 1995]. D ip lo c k  
[1993] c ritic ised  the use o f  g lu ta th ione peroxidase measurement in  erythrocytes as i t  
is a poor ind ica to r o f  im m ediate selenium  status because the h a lf- life  o f  the enzyme in  
red b lood  cells is re la tive ly  long.
In  conclusion, A lfth a n  and N eve’s exce llen t rev iew  o f  the availab le  lite ra ture  was 
restricted to  plasma or serum due to  th is  type o f  m a trix  be ing the most frequently  
analysed sample in  papers dealing w ith  selenium  [1996]. In  add ition , to  quote A lfth a n  
and Neve
‘...serum is the "easiest" clinical material to analyse. There are few potential complications in sample pre­
treatment and storage and the risk of contamination is low’.
Survey of available literature relating to the analysis of selenium in human blood 
serum
The accurate and precise analysis o f  hum an serum has been one o f  the m ost 
extensive ly investigated fie lds in  the area o f  trace analysis. As selenium  has become 
accepted as an essential trace element, so the vo lum e o f  pub lica tions quoting its 
concentration in  hum an sera has increased. The qua lity  o f  data derived from  the early 
studies and fro m  m ore recent investigations however is questionable, as analysts have 
con tinua lly  striven to  f in d  reference levels o f  selenium  in  b lood  serum. To  quote 
V ers ieck et al. [1989],
‘the data reported in the literature always remained within one order of magnitude from the true value, 
but systematic errors of 15, 20 and 50% have been recognised’.
Th is  statement was fo llo w e d  up by  Neve [1991] w ho stated that the range o f  
published values is quite large and re flected ana lytica l inaccuracies and the absence o f  
standardisation.
32
A n  overv iew  o f  some o f  the lite ra ture  dealing w ith  the analysis o f  selenium  in  human 
sera is shown in  the table 2.2.2.
Table 2.2.2. Reported levels o f  selenium  in  human sera and the ana lytica l methods 
employed.
Sample description Concentration 
M ean ±  SD or 
range (p g  I"1)
n A n a ly tica l
m ethod
Reference
H ealthy adults 190 ± 6 0 8 N A A W ester, 1965
C h ild ren 150 ± 5 0 B urk, 1967
Canada, H am ilton , male 142.1 ± 2 8 .4 115 D ickson, 1967
Pooled 1 0 5 1 5 6 N A A Hahn, 1972
M a le 131 ± 7 8 N A A Hahn, 1972
Female 1 1 3 1 8 6 N A A Hahn, 1972
A du lts , controls 117.6 ± 4 .6 18 N A A , 77mSe M cC onne ll, 1975
Patients, non-m alignant 117.6 ± 4 .6 28 N A A , 77mSe M cC onne ll, 1975
Patients, w ith  carcinom a 100.3 ± 2 .4 110 N A A , 77mSe M cC onne ll, 1975
N orm a l adults 51 ± 9 10 F luo rim e try Rea, 1976
B e lg ium , Ghent, adults 128.7 ±  19.7 36 N A A Versieck, 1977
H e ls ink i, F in land 66 ± 1 1 10 F luorim e try W estermack, 1977
Lappeenranta, F in land 42 ±  13 10 F luorim e try W estermack, 1977
U ts jo k i, F in land 108 ± 3 3 23 F luorim etry W estermack, 1977
C hild ren 38 ±  12 N A A M aziere, 1979
N e w  Zealanders 47.4 ±  10 97 F luorim e try Rea, 1979
N e w  Zealand travellers 83 ±  19 25 F luo rim e try Rea, 1979
V is ito rs  to N e w  Zealand 97 ± 2 0 22 F luorim e try Rea, 1979
Pooled B lood  Serum 118 ±  6 N A A , 77raSe W ard, 1979
H ealthy Canadian men 142.9 ±  16.1 15 F luorim e try Lalonde, 1982
Germany, M a inz 81 ±  14 99 E T A -A A S Oster, 1982
PU S A , N o rfo lk , V A 95 ±  14 38 E T A -A A S Pleban, 1982
England, Southampton
18-55 yrs 116 ±  16 388 H G -A A S L loyd , 1983
>56 yrs 112 ±  13 53 H G -A A S L loyd , 1983
B e lg ium , A n tw erp 95.6 ±  12 110 H G -A A S V erlinden , 1983
B e lg ium , A n tw erp 95 ±  12 53 H G -A A S Verlinden , 1983
Japan, H irosh im a, male 98 ±  12 49 E T A -A A S Hatano, 1984
Japan, H irosh im a, fem ale 101 ±  13 16 E T A -A A S Hatano, 1984
H ealthy adults 75 ± 6 6 H G -A A S W elz, 1984(a)
Patients with acute
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m yocard ia l in fa rc tion
C ontro ls 78 ± 1 1
Patient w ith  acute M I 56 ± 1 5
Patients w ith  chronic 55 ±  16
coronary disease
U S A , adults 111 ±  19
Selenium  status in  Europe
Hum an data, a m u lticen te r
study.
B e lg ium 100 ± 9
D enm ark, Aarhus 78 ±  15
France, Grenoble 79 ±  15
Paris 82 ±  11
W . Germany, Bavaria 70 ±  10
Giessen 68 ±  10
Heidelberg 76 ± 9
Greece 63 ±  14
Netherlands 93 ±  12
Portugal, L isbon 102 ±  10
Spain, Barcelona 87 ±  14
Sweden, Goteborg 77 ±  11
M a lm o 90 ± 1 4
Umea 82 ± 8
Uppsala 81 ±  15
U n ited  K ingdom , Ipsw ich 107 ±  13
London 109 ±  14
Poland, Lodz, male 80 ±  19
Female 75 ±  16
Canada, Vancouver, 144.5
11-40 years o f  age
pCanada, Toronto, adults 134.2 ± 3
F in land 102
C R M  (3) 105 ± 5
C R M  (1) 86.1 ±  1.8
F in land 85 ±  13
Ita ly
Sezze, male 92.7 ±  14.5
Sezze, fem ale 91.3 ±  14.1
P rivem o, male 91.4 ±  12.6
Priverno, female 90.8 ±  11.2
Lenola, male 88.5 ±  13.8
Lenola, fem ale 88.9 ±  13.6
T iv o li,  m ale 91.3 ±  14.4
41 E T A -A A S Oster, 1986
49 E T A -A A S Oster, 1986
59 E T A -A A S Oster, 1986
16 E T A -A A S Ericson, 1986
30 F luo rim e try Tho rling , 1986
58 F luo rim e try T ho rling , 1986
27 F luo rim e try T ho rling , 1986
38 F luo rim e try Tho rling , 1986
40 F luorim e try Tho rling , 1986
19 F luorim e try T horling , 1986
23 F luorim e try T ho rling , 1986
21 F luo rim e try T ho rling , 1986
36 F luo rim e try T ho rling , 1986
27 F luorim e try T ho rling , 1986
28 F luorim e try T horling , 1986
28 F luorim e try T ho rling , 1986
52 F luo rim e try T horling , 1986
21 F luo rim e try T ho rling , 1986
22 F luo rim e try T horling , 1986
20 F luorim e try T horling , 1986
22 F luo rim e try T ho rling , 1986
104 F luorim e try W asowicz, 1987
95 F luo rim e try W asow icz, 1987
57 E T A -A A S Jacobson, 1988
10 F luo rim e try Lemoyne, 1988
24 E T A -A A S Varo, 1988
various Versieck, 1988
5 E T A -A A S Know les, 1989
15 Korpela, 1989
813 E T A -A A S M o ris i, 1989
991 E T A -A A S M o ris i, 1989
753 E T A -A A S M o ris i, 1989
956 E T A -A A S M o ris i, 1989
119 E T A -A A S M o ris i, 1989
124 E T A -A A S M o ris i, 1989
141 E T A -A A S M o ris i, 1989
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T iv o li,  fem ale 89.1 +  13.2 133 E T A -A A S M o ris i, 1989
Crevalcore, e lderly 8 6 .9 + 1 3 .1 80 E T A -A A S M o ris i, 1989
M onteg io rg io , e lderly 9 2 .9 + 1 8 .7 91 E T A -A A S M o ris i, 1989
Latina, C h ild , male 8 2 .6 +  10.2 442 E T A -A A S M o ris i, 1989
Latina, C h ild , female 8 2 .7 +  11.2 406 E T A -A A S M o ris i, 1989
Naples, ch ild ren 82.1 +  12.5 182 E T A -A A S M o ris i, 1989
p Hum an Plasma 9 8 + 1 5 H G -IC P-M S T ing , 1989
p Hum an Plasma 135 + 8 5 H G -A A S T ing , 1989
Spain, Barcelona 60.4
53.3 -6 7 .4
92 E T A -A A S Fernandez- 
Banares, 1990
Ire land, Be lfast 48 - 250 10 FI-ITG -AAS M cLaugh lin , 1990
N -W . England 92 275 E T A -A A S Pearson, 1990
F in land
H ungary
121 21 N o t stated W esterm arck,
1991
Budapest (N orth ) 55.3 ±  7.9 68 E T A -A A S A lfth a n , 1992
Szigetvar (South) 46.6 ±  6.3 25 E T A -A A S A lfthan , 1992
Pecs (South) 48.2 +  7.9 13 E T A -A A S A lfth a n , 1992
Tatabanya (N orth ) 5 4 .5 + 1 0 .3 39 E T A -A A S A lfthan , 1992
Bekescsaba (South East) 5 7 .7 + 1 1 .1 29 E T A -A A S A lfth a n , 1992
Szombathely (W est) 6 8 .7 +  11.1 10 E T A -A A S A lfth a n , 1992
Esztergom  (N orth ) 52.1 +  4.7 8 E T A -A A S A lfth a n , 1992
Debrecen (East) 54.5 +  9.5 12 E T A -A A S A lfthan , 1992
ICaposvar (South W est)
U K  and F inn ish 
ind iv idua ls
52.9 +  7.1 8 E T A -A A S A lfth a n , 1992
F inn ish 140 ICP-M S Abou-Shakra,
1993
E dinburgh 50 - 200 IC P-M S Abou-Shakra,
1993
C ornw a ll
Patients on hem odialysis
1 0 -1 3 0 IC P-M S Abou-Shakra,
1993
norm al 66.8 +  9.2 202 E T A -A A S Antos, 1993
N ephro log ica l patients 
w ith o u t renal 
insu ffic iency
63.4 ±  20.7 16 E T A -A A S Antos, 1993
H em odia lysis patients 5 6 .6 + 1 1 .9 45 E T A -A A S Antos, 1993
Spanish adults 95.2 +  5.4 50 E T A -A A S Barbera, 1993
pVeneto, Ita ly  
pC h ild ren
6 4 .7 +  13.4 82 E T A -A A S B e lliso la , 1993
D iabe tic , Hungarian 7 0 .3 + 1 1 .8 N o t stated Cser, 1993
Contro ls, Hungarian 53.7 +  0.8 N o t stated Cser, 1993
D iabe tic , German 7 9 .7 +  15.8 N o t stated Cser, 1993
Contro ls, German 69.5 +  45.0 N o t stated Cser, 1993
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Post-supplemented Finns 126.3 35 M akela, 1993
S lovak Population 67.3 ±  26.5 576 E T A -A A S Brtkova , 1994
Range 1 7 .3 -1 8 1 .6 576 E T A -A A S Brtkova , 1994
Patient, M elanom a 81 ± 2 7 200 E T A -A A S D effuan t, 1994
Patient, Ep iderm otrop ic 78 ± 3 6 51 E T A -A A S D effuan t, 1994
Cutaneous T -C e ll
Lym phom a
Contro ls 92 ±  16 30 E T A -A A S D effuan t, 1994
pA ids  Patients 43 ±  10 12 N o t stated D w o rk in , 1994
C ontro ls 95 ±  16 12 N o t stated D w o rk in , 1994
H ealthy residents, Ankara,
Turkey
Cord B lood  at b irth 45 ±  10 F luorim e try H inca l, 1994
2-12 months o ld 69 ±  13 F luorim e try H inca l, 1994
C hild ren , 1-16 years 77 ±  12 F luorim e try H inca l, 1994
Supplem entation study, 75.2 ±  12.4 57 E T A -A A S Lassen, 1994
pre-supplementation
A du lts , 18-48 years 74 ±  16 F luo rim e try H inca l, 1994
H IV -In fe c te d  Za irian
patients
A sym ptom atic  carriers 63.3 ± 2 0 .7 18 E T A -A A S Longombe, 1994
Sym ptom atic carriers 53.5 ± 2 2 .1 82 E T A -A A S Longombe, 1994
Contro ls 56.7 ±  20.7 99 E T A -A A S Longombe, 1994
H ealthy S lovak popu la tion 56.2 ± 8 .5 174 N o t stated M adaric , 1994
Patients undergoing 49.7 ±  11.8 N o t stated Rukgauer, 1994
Hem odia lysis
Bound Se 109 ±  17 977 N A A . 77mSe Spate, 1994
T o ta l Se 115 ± 2 7 977 N A A . 77mSe Spate, 1994
H ealthy Greek adults
M ales 70.7 ±  16.2 101 E T A -A A S V  ancauwenbergh, 
1994
Females 64.9 ±  14.7 59 E T A -A A S V  ancauwenbergh, 
1994
Portuguese subjects, 126
N o rm o lip id e m ic  subjects 93 ±  18 N o t K now n Viegascrespo,
1994
Hypercholesterem ic 90 ±  17 N o t K now n Viegascrespo,
subjects 1994
Hypercholesterem ic and 96 ±  18 N o t K now n Viegascrespo,
H ypertrig lycerem ic 1994
subjects
pCancer patients, 24.4 ±  8.4 28 F luorim e try W asow icz, 1994
Age 6 m onths to  1 y r
pContro ls 37.2 ±  17.1 16 F luorim e try W asow icz, 1994
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Age 6 months to 1 yr
pCancer patients, 43.4 ±  13.6 73 F luo rim e try W asowicz, 1994
Age 1 y r  to  3 yrs
pContro ls 54.6 ±  13.9 36 F luo rim e try W asow icz, 1994
Age 1 y r  to  3 yrs
pCancer patients, 47.2 ±  15.4 104 F luo rim e try W asow icz, 1994
Age 3 yrs to  7 yrs
pContro ls 62.0 ±  14.3 76 F luorim e try W asow icz, 1994
A ge 3 yrs to  7 yrs
pProstate Cancer patients 78.2 164 Not-Stated H arde ll, 1995
pContro ls 85.3 152 Not-S tated H arde ll, 1995
A sthm atic  ch ild ren 16.27 ± 2 .6 2 65 N o t Stated Hossny, 1995
C ontro ls 21.44 ±  3.81 45 N o t Stated Hossny, 1995
Patients, Parkinson’ s 34.6 ± 2 .3 29 H G -A A S Jimenezjimenez,
Disease 1995
M atched Controls 45.2 ± 3 .8 30 H G -A A S Jim enezjim enez,
1995
H ea lthy adults 101.1 ±  10.3 12 E T A -A A S Lux, 1995
H ea lthy wom en 118.4 ±  15.8 M e ltze r, 1995
M ix e d  adu lt popula tion 91.8 ±  13.4 3404 E T A -A A S M end itto , 1995
M a le  on ly 92.5 ±  15.0 1520 E T A -A A S M end itto , 1995
Female on ly 91.3 ±  12.9 4699 E T A -A A S M end itto , 1995
Granada, Spain
M ean 74.9 130 H G -A A S N avarro, 1995
M a le 80.6 H G -A A S N avarro, 1995
Female 70.7 H G -A A S N avarro, 1995
C R M  (2) 35 ± 3 F I-H G -IC P -M S Q uijano, 1995
pR isk  o f  M i ’ s amongst
Physicians,
M yoca rd ia l In farctions 114.4 ±  15.1 251 E T A -A A S S alv in i, 1995
M atched contro ls 113.2 ±  15.7 251 E T A -A A S Salv in i, 1995
Pooled Serum 109.9 ± 3 .8 10 E T A -A A S Sanders, 1995
Cancer Patients 69.2 ±  11.1 101 E T A -A A S Torun, 1995
Contro ls 94.1 ±  12.5 101 E T A -A A S Torun, 1995
D iabetics, F in land, 1990 107.4 237 E T A -A A S Wang, 1995a
Contro ls, F in land, 1990 105 214 E T A -A A S Wang, 1995a
C hild ren, w ith 71.1 212 E T A -A A S Wang, 1995b
R heum ato id -A rth ritis
(1984)
Contro ls (1984) 123.2 214 E T A -A A S W ang, 1995b
C hild ren , w ith 68.7 212 E T A -A A S Wang, 1995b
R heum ato id -A rth ritis
(1990)
C ontro ls (1990) 105.0 214 E T A -A A S W ang, 1995b
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Orienteers, F innish 106.6 30 E T A -A A S W ang, 1995c
Orienteers, Swedish 
pReference Popula tion
86.1 127 E T A -A A S W ang, 1995c
Valencia , Spain 53 - 108.9 287 E T A -A A S A legria , 1996
pHungarian C h ild ren 
H ea lthy Swiss adults
6 3 .9 + 1 1 161 H G -A A S Cser, 1996
M a le 9 6 .0 + 1 3 .3 387 E T A -A A S f H a ld im am i, 1996
Female 8 7 .9 +  14.4 243 E T A -A A S t H ald im ann, 1996
H ealthy A du lts  
C h ild ren , Adana, Turkey
75 +  8 12 F luo rim e try Harrison, 1996
7-8 years 57.6 +  8.7 E T A -A A S Isb ir, 1996
11-12 years 72.6 ±  7.9 E T A -A A S Isb ir, 1996
Patients w ith  Rheum atoid 
A rth r it is
107.5 ±  23.76 60 E T A -A A S Kose, 1996
Contro ls 168.45 +  46.44 60 E T A -A A S Kose, 1996
Renal patients 4 5 + 1 8 .2 E T A -A A S M archantegayon,
1996
H ealthy controls 
H ea lthy T u rk ish  ch ild ren
64 ±  8.7 E T A -A A S M archantegayon,
1996
pBoys 6 5 + 1 0 30 LIG -AAS Mengubas, 1996
pG irls
H ealthy C h ild ren, N .E  
S lovenia
71 +  9 31 H G -A A S Mengubas, 1996
1-2 years 74.9 ±  9.7 E T A -A A S M ice tic tu rk , 1996
3-5 years 8 5 .5 + 1 0 .0 E T A -A A S M ice tic tu rk , 1996
11-13 years 93.9 +  9.3 E T A -A A S M ice tic tu rk , 1996
A to p ic  A sthm atic  patients 84.5 ±  9.5 41 F luorim e try M isso, 1996
M atched non-asthmatics 91.6 +  24.5 41 F luorim e try M isso, 1996
E ld e rly  males 5 7 .6 4 +  14.21 193 E T A -A A S M onget, 1996
E ld e rly  females
Coal M iners, exposed to 
coal dust
5 6 .0 6 +  16.58 563
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E T A -A A S M onget, 1996
Long term  and current 
exposure
60.2 F luorim etry Oryszczyn, 1996
Long term  not currently  
exposed
61.3 F luo rim e try Oryszczyn, 1996
N ever or s lig h tly  exposed 64.1 F luo rim e try Oryszczyn, 1996
pPatients w ith  Cancer 71.81 ±  18.12 66 F luorim e try P icc in in i, 1996
pContro ls 7 5 .0 6 +  16.58 44 F luorim e try P icc in in i, 1996
C R M  (3) 94 +  3 H G -IC P-M S Rayman, 1996
H ea lthy B lood  donors, 
Age 38 +  9.6 years
6 0 .0 + 1 1 .1 58 E T A -A A S Rukgauer, 1996
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Rubber tyre repair shop 148 ± 5 6 20 N o t Stated Sanchezocampo,
workers 1996
Contro ls 100 ± 1 8 18 N o t Stated Sanchezocampo,
1996
pPatients w ith  chronic- 54 ± 2 0 35 N o t Stated Vangossum, 1996
pancreatitis
pC ontro ls 87 ±  11 14 N o t Stated Vangossum, 1996
(p denotes plasma concentrations, no t serum)
Abbrev ia tions o f  methods used:
N A A  =  N eutron  activa tion  analysis
F I-H G -IC P -M S  =  F lo w  in jec tion -hyd ride  generation-inductive ly coupled plasma-mass 
spectrometry
E T A -A A S  =  E lectro therm al a tom isation-a tom ic absorption spectroscopy
C R M  (1) =  C e rtified  Reference M a te ria l (Seronorm , Trace Elem ents in  Serum)
C R M  (2) =  C e rtified  Reference M a te ria l (no t stated in  text)
C R M  (3) =  C e rtified  Reference M a te ria l, Lyoph ilised  second-generation human 
serum ce rtified  reference m ateria l (see section 2.4.1) (ce rtified  mean and standard 
devia tion  o f  105 ±  10 pg I"1).
E T A -A A S f: H G -IC P-M S used to  va lida te  technique
2 .3  A n a ly t ic a l  T e c h n iq u e s  a n d  M e th o d o lo g ie s  o f  S e le n iu m  A n a ly s is
The need to  measure accurate and precise levels o f  selenium  in  b io lo g ica l and c lin ica l 
samples has resulted in  the continua l developm ent and assessment o f  a va rie ty  o f  
ana lytica l techniques. The f irs t re liab le  methods invo lved  a tom ic absorption 
spectrom etry (A A S ), flu o rim e try , a tom ic em ission spectrom etry (A E S ), induc tive ly  
coupled plasma em ission spectrom etry (IC P -A E S ) and, more recently, methods such 
as induc tive ly  coupled plasma mass spectrom etry (IC P-M S). O ther techniques such as 
neutron activa tion  analysis (N A A ), partic le  induced X -ray  em ission (P IX E ) and X -ra y  
fluorescence (X R F ) have also been used fo r  the analysis o f  selenium  and other trace 
elements. The characteristics o f  these techniques have certa in parameters w h ich  are 
defined below. These are know n as the analytica l figures o f  m e rit (A F M ) o f  the 
ana lytica l technique.
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2.3.1 Definitions of analytical figures of merit (AFM)
Before  a technique can be em ployed fo r  the analysis o f  a sample i t  must f irs t be 
assessed fo r  its su ita b ility  fo r  that task. The fo llo w in g  ana lytica l figures o f  m e rit 
(A F M ) are used fo r that assessment.
Sensitivity % th is is a measure o f  the a b ility  o f  the technique to  d iscrim inate  
between samples conta in ing d iffe re n t amounts o f  the analyte under investigation. 
S ensitiv ity  is no rm a lly  defined as the ra tio  o f  change in  the instrum ent response to  a 
change in  analyte concentration [M ille r ,  1988]. Th is parameter is n o rm a lly  quantified  
in  terms o f  the concentration o f  the analyte required to  cause a g iven instrum ent 
response and is equal to  the slope o f  a ca lib ra tion  curve [W illa rd , 1981], A  good 
exam ple o f  th is is the concentration o f  analyte needed to  give 1% absorption in  the 
case o f  A  AS.
Precision: th is  is defined as the degree o f  m utual agreement o f  independent 
measurements under the same conditions. Precision is concerned w ith  the spread o f  
data and is usually portrayed as the re la tive  standard devia tion  (R SD ) w h ich  is 
expressed as the standard devia tion  o f  results d iv ided  by the a rithm etic  mean o f  
results X  100 [M ille r , 1988; BS 5497, 1987]. The In ternationa l O rganisation fo r 
Standardisation applies tw o  descriptions o f  precision:
( i)  Reproducibility - the closeness o f  agreement between in d iv id u a l results 
obtained w ith  the same m ethod but under the d iffe ren t conditions;
( i i )  Repeatability - the closeness o f  agreement between successive results 
obtained w ith  the same m ethod under the same conditions.
Lob insk i and M arczenko [1996] s lig h tly  altered the d e fin itio n  o f  rep roduc ib ility , 
de fin ing  i t  as the random error associated w ith  d iffe ren t test methods under d iffe ren t 
conditions.
Accuracy: the degree o f  agreement o f  a measured value w ith  the true or 
expected value o f  the concentration o f  the elem ent concerned. A  fa ir  ind ica to r o f  the 
degree o f  accuracy is the confidence levels w ith in  w h ich  the measured value and the 
expected one are not s ig n ifica n tly  d iffe re n t [M ille r , 1988], The accuracy o f  a
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technique is usually assessed using reference m ateria ls o r in ter-labora to ry 
comparisons.
Detection Limit (DL): th is  is one o f  the most abused term s in  analytica l 
chem istry, covering a broad co llec tion  o f  de fin itions  [Potts, 1987 and C urrie , 1968], 
C urrie  [1968] remarked on the use o f  some ‘ non-sta tis tica l’ de fin itions , inc lud ing  
detection lim its  equated to  the background or even 10% o f  the background signal. 
M any  users o f  various ana lytica l techniques regard the D L  as the sm allest amount o f  
the elem ent that can be measured w ith  a stated leve l o f  confidence; th is is the case 
unless otherw ise stated fo r  D Ls quoted in  th is  lite ra ture  review. The D L  is no rm a lly  
taken as 3 tim es the standard devia tion  o f  the b lank signal ( 3 )  above the mean 
background (x  +  3^B) (see Fig. 2.3.1.1.). M any  instrum ent manufacturers regu larly  
take detection lim its  as x  + 2sB or lower. In  th is  literature survey, detection lim its  w i l l  
be taken from  applications or fro m  m anufacturers specifications. These w i l l  be 
referenced accordingly. M anufacturers D L ’ s are no rm a lly  under perfect conditions 
w ith  standards used as samples. There is often some discrepancy between D L ’ s 
quoted by manufacturers and those experienced in  everyday use.
Figure 2.3.1.1 R eplicate measurements o f  a background signal w i l l  result in  a 
d is tribu tion  o f  data that approxim ates to  a Gaussian shape. The p robab ility  tha t a 
single measurement w il l  fa ll outside the x +  3sB is 0.13%  [Potts, 1987],
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The threshold o f  x  +  3sB is no rm a lly  ca lled the L o w e r L im it  o f  D e tec tion  (YLLD). 
O ther de fin itions  used fo r assessing detection lim its  o f  a technique are the  L im it  o f  
D e te rm in a tio n  (xLoD) and L im it  o f  Q u a n tita t io n  (YLoQ). The L im it  o f  D e te rm in a tio n  
(aLod) is the smallest signal tha t can be quan tita tive ly  measured and is equal to  x +  6sB 
(F igure 2 . 3 . 1.2.) [Potts, 1987], The L im i t  o f  Q u a n tita tio n  ( Y L o q )  s im p ly  affords 
greater confidence as the sm allest signal tha t can be quan tita tive ly  measured and is 
appropriate when legal, statutory o r com m ercia l analysis are carried out (as 
recommended by the A m erican  Chem ical Society C om m ittee on E nvironm enta l 
Im provem ent, 1980). I t  is set at the leve l x +  10sB.
Figure 2.3.1.2. Relationships between the data d istribu tions fo r  background, the 
L o w e r  L im it  o f  D e tec tion  (YLLd) and the L o w e r  L im it  o f  D e te rm in a tio n  (yLoD) 
[Potts, 1987].
Linear Dynamic Range (LDR): defined as the range between the low er and 
upper l im it  o f  concentration fo r  w h ich  increm ental add ition  o f  the analyte produces 
re la tive  increments o f  response. The L D R  is no rm a lly  stated in  orders o f  magnitude. A  
w ide  linear dynam ic range a llow s a broad range o f  elem ental concentrations to be 
determ ined sim ultaneously w ith o u t pre-concentration o r d ilu tion .
Selectivity: the a b ility  o f  the technique to respond spec ifica lly  to  a desired 
elem ent rather than another. I t  is usually quantified  as the ra tio  o f  the response
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obtained fo r  the im desired species (in te rfe ren t) to  that o f  the elem ent under 
investigation.
In  add ition  to  the ana lytica l figures o f  m e rit discussed above, one m ust also consider 
the fo llo w in g  factors when selecting a procedure:
( i)  safety;
( i i )  ease o f  operation;
( i i i )  cost effectiveness, cost o f  capita l and runn ing costs, in c lud ing  labour;
( iv )  speed o f  analysis, o r its  a p p lica b ility  to  routine  analysis;
(v ) m u lti-e lem ent capab ility .
The A F M  w i l l  now  be used to  assess the methods available fo r  e lem ental analysis and 
apply th is  in fo rm a tion  to  the analysis o f  trace selenium  concentrations, w ith  specific  
reference to  b lood  serum samples.
2.3.2 A nalytical techniques
Atomic absorption spectrometry (AAS)
Free atoms o f  an elem ent absorb lig h t at characteristic wavelengths. W ith in  a certa in 
range o f  analyte concentration th is  absorption o f  radiant energy is proportiona l to  the 
concentration o f  atoms in  the lig h t path, according to the Beer-Lam bert law:
A = e .C .L . Equation  2.3.2.1.
where, A  =  absorbance
e =  m o la r exc ita tion  coe ffic ien t 
C =  concentration o f  analyte 
L  =  op tica l path length through the sample 
A t  h igh  analyte concentrations p ropo rtion a lity  is lost. N o n -lin e a rity  is due to  the 
transm ission o f  unabsorbed lig h t o r fro m  interferences. The source o f  th is  unabsorbed 
lig h t is e ither stray lig h t o r non-absorbed lines fro m  the rad ia tion  source w h ich  pass 
w ith in  the spectral bandw id th  o f  the m onochrom ator [Lob insk i, 1996]. For atom ic 
absorption to  take place the sample components have to  be in  a gaseous elem ental 
state. A  gaseous state is achieved by spraying the sample in to  a flam e ho t enough
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(typ ica l flam e temperature =  2000 to  3000°K ) to  vaporise and dissociate the 
components or vaporis ing the sample fro m  the surface o f  a heated graphite tube. A  
schematic o f  the A A S  system is presented in  F igure 2.3.2.2.
Source: Sample in Monochromator Detector Signal processor.
Lamp -----> flame, tube,... -----* readout
Figure 2.3.2.2. The arrangement o f  the components fo r absorption spectrom etry 
[Vandecasteele, 1993]. A  w avelength o f  196.0 nm  is used fo r  selenium  analysis in  
A AS.
Flame A A S  (F A A S ) is a convenient technique to  use; i t  is re liab le , re la tive ly  free from  
m em ory effects and is com para tive ly  cheap and robust. H owever, F A A S  can on ly  be 
used fo r samples con ta in ing  com para tive ly  h igh  concentrations o f  selenium  as the 
detection l im it  is in  the order o f  1 pg m l '1 [Vandecasteele, 1993], F A A S  suffers from  
lo w  atom concentrations atta inab le in  flam e cells. Th is is due m a in ly  to  in e ffic ie n t 
nebulisa tion and the d ilu tio n  e ffec t o f  the h igh  f lo w  rate o f  the unburnt gas, w h ich  
results in  rather h igh detection lim its  [Vandecasteele, 1993].
In  order to  use flam e a tom ic  absorption spectrom etry fo r samples that conta in fa r 
low er concentrations o f  selenium  than those observable by conventional FAAS (serum 
fo r example) a hydride generator needs to  be coupled to  the instrum ent. A n  example 
o f  the hydride generation system coupled to  IC P-M S w i l l  be discussed in  Chapters 4 
and 5. The hydride generation A A S  (H G -A A S ) technique offers the advantages o f  
good sens itiv ity  and re la tive ly  s im ple  instrum entation fo r  the determ ination o f  
selenium  concentrations in  a w ide  va rie ty  o f  matrices. The H G -A A S  m ethod has been 
shown to have a detection l im it  fo r  selenium  o f  0.1 to 60 pg F1, an im provem ent in  
detection lim its  in  the order o f  10-100 tim es that o f  flam e A AS . The precis ion and 
accuracy o f  the method has, however, been shown to vary enorm ously and ranges 
from  1-5% and 70-110%  R SD  respectively. These varia tions m ay no rm a lly  be 
attributab le to  the care and expertise exercised by the analyst. U nfortunate ly , H G -A A S  
is prone to severe interferences fro m  trans ition  elements, pa rticu la rly  N i2+, Co2+, C u2+,
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Fe2+, Fe3+ and to  a lesser extent C r3+ [W icks trom , 1995]. O ther reports o f  interferences 
occurring  when analysing com plex m atrices v ia  th is m ethod inc lude R eim er and 
V e illo n  [1981] and Subramanian and M eranger [1982]. W icks trom  and Lund [1995] 
demonstrated a m ethod o f  e lim in a tin g  these interferences fo r  m any elements, bu t th is 
was re la tive ly  ine ffec tive  fo r  the selenium  signal, probably the resu lt o f  gas-phase 
interferences in  the quartz cell.
Some o f  the problem s invo lved  in  the digestion o f  serum fo r  the analysis o f  selenium  
by hydride generation w i l l  be discussed in  greater detail later. A t  th is  stage i t  is 
prudent to  m ention the need fo r a ll o f  the selenium  to be reduced to  the SeIV state fo r  
analysis by the hydride generation method. The d igestion o f  the sample p r io r to 
analysis by  th is technique n o rm a lly  invo lves the use o f  a n itr ic -p e rch lo ric  m ix tu re  
w ith  the inherent safety risks.
F ina lly , the usefulness o f  H G -A A S  fo r the detenn ination  o f  selenium  concentrations 
in  the analysis o f  any b io lo g ica l sample is re flected in  the com ments o f  Raptis el al. 
[1983] w ho ca ll its effectiveness in to  question.
Electrothermal atomisation atomic absorption spectrometry (ETA-AAS) 
Electro therm al a tom isation a tom ic absorption spectrometry (E T A -A A S ), or graphite 
furnace a tom ic absorption spectrom etry (G F -A A S ) as i t  is also known, uses an 
e lec trica lly  heated graphite tube, rod, furnace o r cuvette in  place o f  the flam e burner 
ce ll used in  FAAS.
E T A -A A S  is advantageous in  that o n ly  a sm all vo lum e o f  sample is required, 
generally ~5 to  50 p i. Th is  sample is heated in  three stages: ( i)  ‘ d ry ing ’ (~110°C ) 
w h ich  removes water and acid  vapour; ( i i )  ‘ charring ’ (350 - 1200°C) w h ich  removes 
vo la tile  compounds and organic m atter; ( i i i )  ‘ a tom isation ’ (2000 - 3000°C ) w h ich  
vaporises and atomises the sample. O ther advantages o f  E T A -A A S  are:
( i)  a h igh degree o f  se lectiv ity ;
( i i )  good sens itiv ity  (detection lim its  are 2-3 orders o f  m agnitude better than fo r
45
FA A S  o r ICP-AES and are genera lly in  the sub pg I"1);
( i i i )  lack  o f  need fo r  a d igestion  technique;
( iv )  lo w  runn ing costs.
A pa rt fro m  mass spectrom etry E T A -A A S  is the m ost sensitive ana lytica l technique fo r 
routine analysis in  terms o f  absolute detection lim its  [Lob insk i, 1996]. The im proved 
detection lim its  are due to  the fact that during  atom isation, the a tom ic species are 
concentrated fo r  a period  o f  up to  0.5 sec. w ith in  the op tica l path o f  the instrum ent 
[Lob insk i, 1996], Th is has led to  E T A -A A S  being the m ost popular m ethod fo r  the 
analysis o f  selenium  in  b lood  serum.
However, the technique does su ffe r from  a num ber o f  disadvantages and these m ay be 
summarised as fo llow s:
( i)  a very poor linea r dynam ic range, generally on ly  tw o  orders o f  m agnitude;
( i i )  moderate precis ion at best, 2 - 5% ;
( i i i )  i t  is more tim e  consum ing than other techniques such as FA A S  
[Vandecasteele, 1993];
( iv )  as a simultaneous m ono-elem ent technique, determ inations m ay on ly  be made 
fo r one elem ent at a tim e;
(v ) tendency fo r loss o f  analytes to  occur in  the d ry ing  or ashing step due to  the 
fo rm ation  o f  vo la tile  compounds. Pre-atom isation losses are pa rticu la rly  acute 
fo r selenium  (as w e ll as Cd, Zn , Pb, A s and Te) [Lob insk i, 1996], C arn ick et 
al. [1983] suggested that pre-atom isation losses were responsible fo r  varia tions 
in  the ir results. Saeed et al. [1979] and A lexander et al. [1980] demonstrated 
how  selenium  cou ld  be the rm a lly  stabilised by the add ition  o f  a num ber o f  
metals. Subsequently, n icke l became the most com m only used add itive  but 
w o rk  in  the m id-1980s by W e lz  et al. [1984 b] showed that the various 
ox ida tion  states o f  selenium  could be more equally stabilised by  a m ix tu re  o f  
copper and magnesium nitrates. M o re  recently, Vandael et al. [1995] 
recommended the use o f  1500 m g F1 pa llad ium  and 1000 m g F1 magnesium 
n itra te to  stabilise serum selenium ;
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(v i)  spectral interferences w h ich  occur w ith  E T A -A A S  are bad ly understood. M any 
confusing and con trad ic to ry  reports exist fo r  the analysis o f  selenium  in  
b io log ica l samples v ia  th is  method. C arn ick et al. [1983] and Saeed [1981] 
suggested that some o f  the problem s o f  selenium  analysis in  serum were due to  
spectral interferences fro m  iron  and phosphorus. Fernandez and G iddings 
[1982] found that they cou ld  e lim ina te  these interferences using Zeem an-effect 
background correction. Others, [Oster, 1982; Saeed, 1979; D illo n , 1982] 
apparently obtained satisfactory results using a P erk in -E lm er G FAAS-D 2 w ith  
n icke l as a m a trix  m od ifie r. In  contrast, Jacobson and L o ck itch  [1988] 
attem pted the same technique and found i t  to  be unsuccessful despite 
extensive experim enta tion  w ith  the furnace programme. They found that the 
results they obtained were no t adequately reproducib le, y ie lded  poor analyte 
recoveries and problem s w ith  iro n  in  the background signal were also 
experienced. Jacobson and L o ck itch  d id  however c la im  success fo r  the d irect 
determ ination o f  selenium  concentrations by G FAAS under certa in  conditions: 
deuterium  background correction  was applied in  add ition  to  a reduced 
pa llad ium  m o d ifie r w h ich  was used to  stabilise the selenium  in  the serum. I t  
m ust be noted however, that both  C arn ick et al. [1983] and Saeed and 
Thomassen [1981] advised against the use o f  deuterium  background correction 
on its own, since any iro n  in  the b io log ica l sample was found to  cause an over­
correction thus leading to erroneous results. Know les and B rod ie  [1989] also 
obtained accurate results fo r  a serum reference m ateria l using a pa llad ium - 
ascorbic acid m o d ifie r w ith  a Zeeman graphite furnace A A S ;
(v i i)  the technique requires a w e ll-tra ined  analyst w ho must be aware o f  its  inherent 
problem s and w ho is able to  undertake method development.
Atomic emission spectrometry (AES)
A to m ic  em ission spectrom etry is based on the electrom agnetic emissions from  atoms 
in  th e ir excited state. C lassical sources fo r  exc ita tion  include flam e, arc and spark 
em ission but these have been superseded by  plasma sources.
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Sample in flame, arc, spark Wavelength Detector Signal processor.
or plasma selector readout
Figure 2.3.2.3 The arrangem ent o f  the components fo r em ission spectrometry. 
[Vandecasteele, 1993]
A t present, flam e em ission photom etry is used on ly  fo r the determ ination o f  a lka li 
metals and easily excited elements. F lam e em ission methods suffer from  background 
em ission, s e lf absorption, re la tive ly  poor detection lim its  and spectral interferences. In  
add ition , it  requires greater operator experience i f  these spectral interferences are to 
be avoided. The on ly  adapta tion o f  th is  technique w h ich  is suitable fo r  selenium  
analysis is furnace a tom ic non-therm al exc ita tion  spectrometry (FAN ES) w h ich  may 
be applied to  the de te rm ina tion  o f  metals and non-metals w ith  h igh  excita tion  
energies (e.g. Se, Cd, Z n , and the halogens).
M odern  exc ita tion  sources used fo r  em ission spectrometry are p r in c ip a lly  based 
around the use o f  plasmas (IC P , DC P, and M IP ). The invo lvem ent o f  plasmas has 
been a response to f in d  a better source w h ich  satisfies the fo llo w in g  conditions:
( i)  is an ideal a tom iser as w e ll as exc ite r;
( i i )  is a contro llab le  exc ita tion  energy source and can be used fo r elements w ith  a 
lo w  exc ita tion  energy as w e ll as fo r  those w ith  a h igh excita tion  energy;
( i i i )  is able to p rov ide  reproducib le  a tom isation  and exc ita tion  conditions to  
enable accurate and precise single and m u lti-e lem ent determ inations. The 
characteristics o f  p lasm a em ission techniques are altered by the m ethod o f  
sample in troduction .
Induc tive ly  coupled plasm a a tom ic  em ission spectroscopy (ICP-AES) possesses a 
w ide  linear dynam ic range o f  3 to s ix  orders o f  magnitude, m aking it  m ore suitable 
than FA A S  when m atrices w ith  w id e ly  va ry ing  concentrations are to  be analysed. 
S imultaneous m u lti-e lem en t de term ina tion  is possible by m on ito ring  the plasma w ith  
a po lychrom ator [Shibata, 1992]. The m ost sensitive spectral line  fo r selenium  is in  
the U V  range (196.026 nm ) and an appropria te spectrometer must be used [Shibata, 
1992]. Chem ical interferences and m a tr ix  effects are less severe in  ICP-AES than in
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flam e AES but they are s t i l l  a prob lem  fo r  m any samples [O lesik , 1991]. There are 
m ore than 50,000 spectral lines docum ented fo r  IC P-AES w ith  the m a tr ix  causing 
considerable problem s so that a h igh  reso lu tion  spectrometer is required fo r  matrices 
such as rocks, steels and b io lo g ica l samples [Ty le r, 1994]. To be o f  use fo r  the 
analysis o f  selenium  in  b lood  serum, the IC P-AES  system requires the add ition  o f  a 
hydride generator to  im prove  sensitiv ity . A n  increase in  sens itiv ity  o f  50-100 fo ld  may 
be expected along w ith  e lim in a tio n  o f  spectral interferences. P recision values have 
been found, at best, to  be rather poor. Th is  po in t is illustra ted  by Hahn and co-workers 
[1982] w ho found that w hen they coup led a hydride generator to  the system they 
cou ld  on ly  achieve ~ 6%  re la tive  standard dev ia tion  fo r  a 10 pg I ’ 1 selenium  standard. 
Th is compares to 2.7%  fo r  the H G -IC P -M S  system using a digested reference b lood 
serum [Rayman, 1996],
Atomic fluorescence spectrometry (AFS)
AFS uses rad ia tion  fro m  a lin e  or continuous source to  excite atoms to  a higher 
e lectronic state. The fluorescence rad ia tion  em itted as the excited atoms return to 
the ir ground state energies is measured. The in tens ity  o f  the a tom ic fluorescence 
radia tion is proportiona l to  the in tens ity  o f  the absorbed rad ia tion  and to  the 
concentration o f  the analyte atoms.
Figure 2.3.2.4 The arrangem ent o f  the components fo r  fluorescence spectrom etry 
[Vandecasteele, 1993].
E xc ita tion  is achieved by  use o f  a h o llo w  cathode lam p, electrodeless discharge lam p 
or laser. The tw o  m a in  advantages o f  fluorescence spectrometry are h igh  detection 
power and freedom  fro m  spectral interferences [Omenetto, 1989]. Use o f  lasers has 
become pa rticu la rly  popu la r because they enhance these features.
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The use o f  e lectro therm al atomisers ( in  an ine rt gas atmosphere) in  con junction  w ith  a 
laser as the exc ita tion  source (L IF -E T A ) has produced exceptional detection lim its  fo r  
several elements, dow n to  0.02 ng F1 [Vandecasteele, 1993]
A lthough  essentially a m ono-elem ental technique AFS has the poten tia l fo r  sequential 
m ulti-e lem enta l determ inations. H owever, lack o f  com m ercia l development has 
severely hampered its progress.
Fluorimetfy
F lu o rim e tric  methods are based on the detection o f  the fluorescent com plex form ed 
between SeIV and the ligand 2,3-diam inonapthalene (D A N ).
Heydorn [1990], in  his com parative survey o f  reference methods fo r the detenn ination  
o f  selenium  in  b io log ica l samples, recommended the use o f  flu o rim e try  fo r 
concentrations - 0 .3  m g k g '1 and above. O ther methods he exam ined were H G -IC P  ( i t  
was no t stated whether IC P-AES o r M S  was used), H G -A A S , E T A -A A S  and N A A  
(instrum enta l o r radiochem ica l). A  to ta l o f  e ight b io log ica l reference m aterials were 
used fo r  th is  assessment o f  methods in  sixteen d iffe ren t laboratories throughout the 
EEC. There was va ria tion  in  qua lity  o f  the results. Th is was a ttribu ted to  the 
d ifferences in  the analysis methods used and in su ffic ien t emphasis was put on the 
q ua lity  o f  results com ing  fro m  in d iv id u a l laboratories.
M ore  recently Hay garth et al. [1993] found that the flu o rim e try  m ethod, when 
analysing fo r selenium , can be prone to  errors caused by photosensitive decay. Th is 
interference w ith  the napthalene-2,3-diam ine (N D A )-S e iv com plex results in  losses o f  
selenium. Haygarth et al. [1993], showed a 79%  loss in  a so lu tion  o f  500 ng N D A - 
SeIV in  20 m l o f  cyclohexane over a period o f  s ix  months when exposed to  am bient 
ligh t, w h ich  is consistent w ith  s im ila r find ings by O lson [1969]. Th is  tim e-scale is 
unrea lis tic  fo r nonna l analysis bu t scaled down represents a loss o f  3%  per week (as
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realised by H ay garth et al.). O lson [1969] recomm ended w o rk ing  w ith  and storing the 
sample in  d iffuse  ligh t.
In  flu o r im e tr ic  analysis the detection l im it  can be in fluenced by the extractants, 
tem perature and pH. Preparation o f  the sample requires wet d igestion w ith  an end step 
using hydroch lo ric  acid to  reduce the selenium  to the SeIV state. The m ethod also 
suffers from  poor sens itiv ity  and is a mono-elem ental technique. Haygarth et. al. 
found the technique inconven ient by m odern standards, lengthy and operator intensive 
and the least appropriate m ethod fo r the determ ination o f  selenium  in  environm ental 
materials. Schroeder el al. [1970] were on ly  able to  measure dow n to  0.1 pg  o f  
selenium  and found w ide  varia tions in  the b lank  and duplicate analyses (4-50% ).
Lew is  [1988] iden tifies  certa in lim ita tio n s  in  flu o rim e try  and summarises these as 
fo llow s:
( i)  poor precis ion (2-100% , above 100 m g k g '1);
( i i )  poor detection lim its  (100 pg I"1) [Raptis, 1983; Ewan, 1968; A n a ly tica l 
M ethods Com m ittee, 1979];
( i i i )  recoveries o f  75-110%  [Ewan, 1968; A na ly tica l M ethods Com m ittee,
1979].
These disadvantages essentia lly make the m ethod unsuitable fo r serum analysis where 
there is a lo w  selenium  content and narrow  concentration range.
In  its favour however, Lew is  [1988] also draws the fo llo w in g  conclusions about the 
advantages o f  flu o u rim e try  fo r  the analysis o f  selenium:
( i)  i t  is a very s im ple  technique, probably the sim plest o f  those considered;
( i i )  i t  is the cheapest m ethod available ;
( i i i )  i t  is the most versatile  method.
For these reasons he states that f lu o r im e try  remains the m ethod o f  choice fo r the 
determ ination o f  selenium  in  m any m atrices p rov id ing  the lim ita tio n s  o f  the m ethod 
are understood.
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Activation analysis
In  nuclear activa tion  analysis, the quantita tive  determ ination (and iden tifica tio n ) o f  an 
elem ent is achieved by producing  a rad ionuclide  o f  the analyte. The m ost com m on 
m ethod is neutron activa tion  analysis (N A A ). The sample is m ost com m only, bu t not 
exclus ive ly, irradiated in  a nuclear reactor using therm al neutrons. For the analysis o f  
selenium , the choice o f  e ither short-lived (77mSe, fc* =  17.5s, E =  0.161 M e V ; 81mSe, % 
=56.6m in , E =  0.10 M e V ) o r long -lived  (75Se, t*  =  120d, E =  0.14 and 0.27 M e V ) 
nuclides are available [Z ingaro , 1974]. D etection  lim its  are exce llen t fo r  selenium  
analysis in  b lood  serum and have been quoted in  the region o f  0.05 pg F1 [W ard, 
1979].
Instrum ental neutron activa tion  analysis ( IN A A ) has the advantages over other 
sensitive m u lti-e lem ent techniques, such as IC P-M S, fo r the fo llo w in g  reasons:
( i)  when interferences do occur in  N A A , especially when analysing b io log ica l 
m ateria ls, the rad ionuclide  o f  in terest can be carried th rough (on ly  fo r  75Se) 
even com plex rad iochem ica l separations w ithou t the danger o f  contam ination. 
A  s im ila r chem ical separation in, say, IC P-M S (possib ly used to  increase 
detection lim its  or rem ove part o f  the m a trix  that may cause an unwanted 
po lya tom ic ion ) carries the risk  o f  contam ination;
( i i )  fo r  so lid  samples N A A  has the d is tinc t advantage o f  not requ iring  a sample 
d isso lu tion step, where certa in elements (selenium  being a good exam ple) may 
possib ly be lost by vo la tilisa tio n , p rec ip ita tion  o r adsorption losses. The other 
advantage associated w ith  th is  is that no b lank is in troduced fro m  the acids 
and other reagents, so com m only  a source o f  contam ination;
( i i i )  contam ination o f  the sample can o n ly  take place before o r du ring  irrad ia tion ;
( iv )  a ll sources o f  systematic o r random  va ria tion  are iden tifiab le  as the physical 
p rinc ip les o f  N A A  are basica lly  understood.
A c tiva tio n  analysis is best suited to  the analysis o f  so lid  samples, but the analysis o f  
liq u id  samples is possible by freeze-drying o r f ix in g  the sample on an ion  exchange 
resin. A n  extrem ely im portan t app lica tion  o f  N A A  is the determ ination  o f  trace 
elements in  human serum [Versieclc, 1977]. In  th e ir rev iew  o f  published data on the
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normal levels o f 18 trace elements in serum (including selenium), Versieck and 
Cornelius [1980] showed that some 20% o f the references they surveyed indicated 
NAA was the analytical technique used.
Ultra-trace determinations in such matrices as serum by NAA are hampered by the 
following:
(1) y-ray radioactivity from 24Na, 38C1, 42K, 80Br and 82Br;
(2) Bremsstrahlung radiation from 32P (a pure P-emitter).
Both o f the above increase background activity so that it is difficult (especially at low 
gamma energies) to identify the gamma ray peaks (from the short-lived nuclides) 
above the background signal [Ward, 1979], This is particularly true for the short-lived 
nuclide o f selenium 77mSe, which has a gamma-ray energy o f 0.161 MeV.
Turn-around time for the analysis o f selenium is very long (except when using 77mSe) 
and hence prohibits its use for routine analysis. The short-lived nuclide, 77mSe, can be 
measured in blood serum but requires a spherical irradiation system. This involves a 
cyclic transfer system between irradiation and the detector. Cyclic activation analysis 
permits the sample to be activated and measured, such that very short-lived nuclides 
are determined before longer-lived nuclides effect the background signal. Jacobson et 
a l  [1988] stated that neutron activation analysis was not a practical technique for a 
clinical laboratory, a finding previously stated by Versieck el al. [1977]. The major 
drawbacks o f neutron activation analysis may be summarised as follows:
(i) high cost o f equipment;
(ii) high running costs;
(iii) need for a skilled analyst.
Finally, Lobinski el al. [1996] recommended that radiochemical NAA (RNAA) should 
only be used if  no other technique is suitable. This is possible however using 75Se (tVi 
=  120d.) but has not been exploited in literature reports. Neutron activation analysis 
can play an important role in certifying reference materials but it cannot be applied to 
routine analysis [Al-Attar, 1990; Clark, 1992; Lobinski, 1996].
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X-Ray Methods
X-ray spectrometric techniques can be most conveniently classified by their mode o f 
excitation, as follows:
(i) X-ray tube excitation;
(ii) particle excitation, particle-induced x-ray emission analysis (PIXE) or 
electron excitation as in a scanning electron microscope (SEM);
(iii) radioisotope excitation;
(iv) excitation by synchrotron radiation.
Excitation by SEM and radioisotopes is rarely used for trace element determinations. 
Therefore, for the purposes o f this review these techniques will be ignored. Likewise, 
the use o f synchrotron radiation in X-ray fluorescence (XRF) will be omitted as 
applications for this technique for serum analysis are absent from the literature. 
However, Llomma et a i  [1993] used synchrotron-radiation X-ray-fluorescence 
imaging to demonstrate two-dimensional distributions o f selenium, copper and zinc in 
human kidney.
In total-reflection X-ray fluorescence spectrometry (TXRF) the sample, prepared as a 
thin film on a polished surface, is struck by a collimated beam from an X-ray tube at 
an angle, below that o f the critical angle, and is therefore totally reflected. In the 
process the sample is excited and emits fluorescence radiation which is then detected 
by a Si(Li) detector positioned immediately above the sample. Detection limits are 
reasonably good. Klockenkamper [1989] estimated the detection limit o f a number o f 
elements in 50 pi o f aqueous solution as 40-200 ng I'1. As the sample is prepared as a 
thin film, matrix effects can essentially be ignored as they play such a little part.
Published material on applications to biological samples are scarce. Prange et al. 
[1987] analysed acid digested (H N 03) mussel tissue for some 17 elements, including 
selenium. They quoted detection limits o f between 0.1 - Ipg  g '1.
In particle-induced X-ray emission analysis (PIXE) a beam o f heavy charged particles 
(normally 2 - 4  MeV protons) is used to irradiate the sample. The result o f the
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interaction is that characteristic X-rays are emitted as in XRF. The need for a particle 
accelerator has meant that the technique is not as widely used as XRF.
As is the case with XRF, there is little literature available for the assessment o f PIXE 
applied to the analysis o f serum thus making appraisal difficult. However, amongst 
the literature that does exist, Maenhaut [1987] provides an excellent overview of 
applications o f PIXE including its use for analysis in the biomedical field.
M ass spectrometry (MS)
A  mass spectrometer can be defined as an instrument that produces ions (either 
positively or negatively charged), separates them according to their mass or 
preferably, their mass-to-charge ratio, and then detects them. A mass spectrometer 
consists o f an ion source, mass analyser and detector.The production o f ions can be 
achieved by using inductively coupled plasma (ICP), spark source (SS), thermal 
ionisation (TI), or glow discharge (GD) ion sources.
Thermal ionisation mass spectrometry (TIMS) involves the loading o f a sample onto a 
tantalum or rhenium filament where it is ionised by electrical heating. The ions 
formed are extracted into the mass analyser by the application o f a electric field. 
TIMS remains unmatched for the precise determination o f isotope ratios in 
geochemistry and accurate isotope dilution measurements [Fassett, 1989], However, 
the disadvantages o f the technique are:
(i) the technique is particularly suited to metals with low ionisation energies, thus 
selenium yields a low ion beam [Lobinski, 1996];
(ii) long measurement time; in extreme cases can be for hours.
These factors exclude the technique from further consideration.
Spark source mass spectrometry involves the mixing o f the sample with an electrically 
conducting binder which is then compressed to form an electrode. Ions are formed as 
a result o f an RF electrical discharge between the sample electrode and a counter 
electrode. The ions are then sampled to a mass analyser. The method allows the
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analysis o f the entire mass spectrum with good detection limits (sub-pg m l'1) and 
excellent resolution [Lobinski, 1996], Ramendilc et al. [1988] stated a limit o f 
detection o f 6 pg I'1 for selenium in a gallium matrix. The technique is excluded from 
further consideration as it suffers from the following problems:
(i) it is only suitable for solid samples;
(ii) it suffers from considerable isobaric interferences;
(iii) large fluctuations in the ion beam are observed;
(iv) it is an expensive technique and requires a highly-skilled operator;
(v) the technique is slowly losing favour.
Developments during the last decade have concentrated primarily on using an ICP or 
GD as ion sources for MS [Vandecasteele, 1993]. GD-MS has certain disadvantages 
which make it less suitable for routine analysis:
(i) it is expensive, as high resolution MS is required to avoid isobaric 
interferences;
(ii) is not suitable for high sample throughput;
(iii) accurate calibration requires matrix-matched standards;
(iv) it does not lend itself to isotope dilution MS studies;
(v) sample preparation can be problematic.
The basis o f an ICP-MS is that ions from a high temperature plasma are separated by 
their mass-to-charge (m/z) ratio using a mass spectrometer, and then detected using a 
channeltron electron multiplier (CEM) or other form o f detector. The principles o f 
ICP-MS will be discussed in greater detail in Chapter 3.
Inductively coupled plasma source mass spectrometry (ICP-MS) offers many 
advantages over the other techniques available for elemental analysis. The major 
advantages o f ICP-MS are:
(i) exceptional detection limits, superseding nearly all alternative techniques 
for most elements. For example detection limits are as good, if  not better, than 
graphite furnace AAS detection limits in pure water [Tyler, 1994], ICP-MS 
can also detect many elements that have a poor GFAAS detection limit;
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(ii) rapid simultaneous multi-element capability with high sample throughput;
(iii) provides information for each atomic mass unit so isotopic information can 
be used for accurate determination (isotope dilution) as well as stable isotope 
tracer studies [Patriaca, 1994];
(iv) easily recognisable and interpreted spectra;
(v) predictable spectral interferences which can normally be overcome by using 
an alternative isotope for determinations;
(vi) excellent linear dynamic range, 4 - 9  orders o f magnitude (dependent on 
manufacturer).
In conclusion, it is suitable to quote Lobinski [1996] who stated
‘Inductively coupled plasma MS offers unmatched advantages in terms of multi-element analysis, high 
sensitivity and possibility of isotopic ratio determination and is a unique technique for studies of mineral 
metabolism based on stable isotope tracer concepts’.
In addition Hay garth et. al. [1993] recommended in their paper on the determination 
o f total selenium in environmental materials that HG-ICP-MS and RNAA methods 
were the superior methods for samples with low selenium concentrations.
2 .4 . Q u a l i ty  C o n t r o l  a u d  M e th o d  V a lid a t io n
Quality control is used by an analyst to validate his analytical technique. The most 
common method o f validation is using a standard reference material (SRM). 
Reference materials are often certified (giving a certified reference material, CRM) 
using the most accurate and reliable measurement techniques available.
2.4.1. Available reference m aterials
Throughout the following studies a reference material will be used to assess 
techniques for certain properties namely, accuracy, precision and general suitability o f 
the technique for routine accurate analysis o f human blood serum. Firstly, it is
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important to define in more detail some o f the terms used. A reference m aterial is a 
material or substance having one or more properties which are sufficiently well 
established to be used for the calibration o f an apparatus, the assessment o f a 
measurement method or for assigning values to materials [Currie, 1968], A certified 
reference m aterial is a reference material that has been certified by a technically 
valid procedure, and which is accompanied by a traceable certificate or other 
documentation issued by a certifying body [Certification o f reference materials, 
1989]. There are a vast number o f available reference materials but only a few o f 
them are blood serum. The serum reference materials available are listed in the 
following table.
Table 2.4.1 Available blood serum reference materials and their selenium content.
Name o f material Producer Physical
form
[Se] Hg I"1
Standard reference material 909 NIST Freeze-dried a105
Seronorm, Trace Elements in 
Human Serum, batch no. 103
Nycomed Freeze-dried,
lyophilised
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Seronorm, Trace Elements in 
Human Serum, batch no. 311089
Nycomed Freeze-dried,
lyophilised
86 (79-87)
*Second generation human blood 
serum
University 
o f Ghent
Freeze-dried f  1 05 ± 10 pg g"
i
Nycomed STE 105, Serum Nygaard & 
Co. Oslo
90.7
Bovine Serum, 
NIST-RM-8419
NIST b16 u g l '1
a non-certified value, but based on the work o f Alverez, R., (h ational Bureau of
standards, Gaithersburg, Maryland, U.S.A.) 
b not certified, only a reference value available.
* Not commercially available, Dr. J. Versieclc, Department o f Internal Medicine, 
University Hospital, De Pintelaan, 185, B-9000 Ghent, Belgium, 
f  note: value in pg g '1 dry weight [Versieclc, 1988].
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NIST = National Institute o f Standards and Technology, US Department o f 
Commerce, Room 205, Building 202, Gaithersburg, MD, 20899, USA 
Nycomed = Nycomed AS, PO Box 4284 Torshov, N-0401 Oslo 4, Norway 
IAEA = International Atomic Energy Agency, PO Box 100, A -1400 Vienna, Austria.
The reference material used for validation in this work was the Seronorm™ Trace 
Elements in Seriun (Batch no. 311089).
2.4.2. The production of an in-house blood serum  m aterial
The use o f a certified reference material for routine studies involving blood serum 
would prove financially difficult due to the high cost o f such materials, (~£5/ml. for 
Seronorm) and the volume required for certain studies, such as long-term instrumental 
signal stability. Hence the need for the production o f a pooled in-house reference 
serum was established. A collection o f serum samples from previous studies were 
collected over a period o f 3 months and stored in their frozen state at -20°C. The 
original samples were taken from various patients at Milford Hospital, Surrey, and 
were screened (for HIV, Hepatitis A and B) before we received them. After some 300 
samples were collected they were individually assessed for their suitability in terms of 
appearance so as to remove samples showing signs o f hemolysis. The samples passing 
the visual examination were pooled in a 1 litre polyethylene bottle (pre-rinsed with 
deionised water) and thoroughly mixed by rolling on a ball mill overnight. At the end 
o f that time the serum was rapidly separated into 20.0 ml portions in Steralin™ 
containers, labelled and refrozen at -20°C. The serum transfer was completed quickly 
to minimise the separation o f the serum sample. For example, it has been shown that 
magnesium will tend to collect in the lower part o f a serum sample with time [Abou- 
Shakra, 1996]. Moderate care was taken to reduce contamination prior to the 
separation o f the individual 20.0 ml samples but after that time the greatest care was 
taken to reduce contamination and hence the final samples could be assumed to be 
identical for the purpose o f analysis. The problem of sample contamination with 
measurable amounts o f selenium appears to be rather remote [Versieck, 1989]. The
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pooled serum would also be used for other trace element determinations and it is these 
other elements that can easily contaminated by handling.
Macpherson el al. [1988] compared acid decomposition fluorimetry, hydride 
generation atomic absorption spectrometry (HG-AAS) and electrothermal atomisation 
atomic absorption spectrometry (ETA-AAS) for the determination o f selenium in 
biological fluids. They showed that there was no significant difference in the results 
for the three techniques and concluded that all three techniques gave accurate results 
for selenium determinations in blood plasma. The ETA-AAS technique was only used 
for plasma samples due to the iron and phosphate interference in whole blood and 
urine, when the method is used with D2 background correction. The use of Zeeman- 
effect background correction would have greatly removed this interferent and allowed 
the determination in all matrix types. In addition, it was stated that ETA-AAS would 
probably be the method o f choice as sample consumption and preparation are kept to 
a minimum. This statement is backed up by Lobinski and Marczenlco [1996] in their 
appraisal o f methods for the determination o f trace elements in biotic matrices. They 
go on to state that inductively coupled plasma mass spectrometry offers unmatched 
advantages in terms o f multi-element analysis, high sensitivity and possibility o f 
isotopic ratio determination and is a unique technique for studies o f mineral 
metabolism based on stable isotope tracer concepts.
An overview o f these techniques as well as the other methods discussed are 
summarised in Table 2.5.
Despite the availability o f a large quantity o f literature on the subject o f serum (or 
blood plasma) analysis, and the sometimes misleading appraisal o f techniques, it is 
possible to make certain conclusions. Methods are available for the accurate 
determination o f selenium in serum, but are far from being ‘Black-Box’ techniques.
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Notes to Table 2.5. 
nrd = no reference data.
Accuracy is a literature value o f the determination o f selenium in a reference material, 
if  available.
DL Instrument: lower limit o f detection (LLD) pg I"1
Linear Dynamic Range (LDR) is measured in orders o f magnitude.
Multi-element capability assesses the simultaneous element analysis capability o f the 
method.
Analysis time is an estimation o f the total time required for a batch o f 20 samples and 
is taken from applications work that has been published. It does take sample 
preparation time into account (to a certain extent) but does not take into account the 
fact that techniques such as ICP-AES, ICP-MS and NAA are multi-elemental 
techniques.
a using hydride generation method [Vandecasteele, 1993, p. 167.] 
c in the absence o f systematic errors [Vandecasteele, 1993, p. 167.]
(# No I.S.) precision improves with the use o f internal standard.
Ease o f operation encompasses routine operation and development work.
Costs are an estimation o f the capital cost (U.S. $) o f the technique and are taken from 
Lobinski [1996],
References,
b Personal communication with Ian Cochran, Perkin-Elmer [Cochran, 1996]. 
Fluorimetry imprecision’s, Ewan et al. [Ewan, 1968] and Analytical Methods 
Committee [Analytical Methods Committee, 1979].
Detection limits are mainly taken from Perkin-Elmer, 1985, but also from 
Vandecasteele, 1993; Haygarth, 1993; Harrison, 1995; Hahn, 1981 and Wolnick, 
1981;
ETA-AAS imprecision’s, Lewis [Lewis, 1988] 
d [Vandecasteele, 1993, p. 172] 
e [Maenhaut, 1987] 
f [Dagnall, 1967]
6 [Zingaro, 1974] 
h [Tyler, 1994]
1 [Haygarth, 1993]
1 [Lobinski, 1996] 
k [Tyler, 1991]
1 [Rodriguez, 1994]
m [Berti. 19771____________________________________________________________
All o f the methods require careful understanding o f the their problems and limitations. 
The generally favoured technique o f ETA-AAS allows routine analysis o f small 
volumes o f serum sample without lengthy preparation. Its low capital cost and large 
literature base covering analytical problems have strengthened its qualities as the 
technique for routine serum analysis for selenium. However, its lack o f multi-
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elemental capability has led to the growing interest in other methods for serum 
selenium analysis. At the forefront o f this development is the relatively modern 
technique o f ICP-MS, which offers many o f the advantages o f ETA-AAS, and the 
ability o f fast simultaneous multi-element analysis.
In the next chapter a detailed overview o f the ICP-MS technique and its application to 
the analysis o f selenium in blood serum will be given. This will be followed by details 
o f the Finnigan MAT SOLA ICP-MS instrument used in this thesis. Finally, some o f 
the basic instrument variables will be investigated to determine the optimum 
conditions for the analysis o f selenium by ICP-MS.
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A n a l y s i s  o f  S e l e n i u m  b y  I n d u c t i v e l y  C o u p l e d  P l a s m a  
M a s s  S p e c t r o m e t r y  ( I C P - M S )
-  a n  o v e r v i e w  a n d  p r e l i m i n a r y  i n v e s t i g a t i o n s
3.1 Inductively Coupled Plasma M a s s  Spectrometry (ICP-MS)
The development o f elemental mass spectrometry using an inductively coupled 
plasma (TCP) as an ion source grew from expertise in other areas o f investigation 
[Houk, 1986]. These may be broadly listed as follows:
(i) the development o f the ICP as a superior excitation source for the analysis o f 
solutions by AES;
(ii) the development o f flame and plasma sampling techniques for use in 
studies to examine their structure and properties by MS [Pertel, 1975],
These investigations led to a seminal demonstration by Gray that showed useful 
elemental mass spectra could be obtained from the coupling o f a  direct current (d.c.) 
plasma (DCP) to a mass spectrometer [Gray, 1975a & 1975b], In his work, Gray 
demonstrated that when a nebulised solution was introduced into a DCP at 
atmospheric pressure and the ions subsequently formed were extracted into a mass 
spectrometer, good detection limits could be obtained and isotope ratios determined. 
The technique o f using a DCP for MS, however, suffered from significant 
interferences and poor ion yields for elements with an ionisation energy above 9 eV. 
Selenium, with a first ionisation energy o f 9.752 eV, falls into this category. At this 
stage it was considered that an ICP might constitute an improvement. Thus, Houk and 
co-workers coupled an ICP with MS and this led, in 1980, to the first publication 
about ICP-MS [Houk, 1980]. The first commercial ICP-MS (the Elan) was built by the 
Canadian company Sciex (now Perkin Elmer Sciex) and was launched at the 
Pittsburgh Conference in 1983. Other instrument manufacturers soon began to follow 
suit. VG Isotopes (now VG Elemental) in co-operation with Thermo-Jarrel-Ash 
produced the VG PlasmaQuad in 1984, followed shortly by the PQII in 1988. In the 
years to 1992, some 500 ICP-MS instruments were built. Other manufacturers, Turner 
Scientific (now Finnigan MAT), Micromass, Hewlett Packard, Varian, Nermag and 
Spectro, have added to the choice o f machines available.
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3.1. Basic instrumentation
ICP-MS is essentially the coupling o f an inductively coupled plasma (ICP) to a mass 
spectrometer, using an interface to connect them (Figures 3.1.11. and 3.1.1.2 ).
Figure 3.1.11. Schematic o f the basic instrumentation of an ICP-MS.
Samples are introduced as an aerosol or vapour into the central core o f an argon 
plasma where they are desolvated, vaporised, atomised and finally ionised. The 
plasma is then ‘sampled’, using a sampling cone, into a multi-stage vacuum system 
where the ion beam is collimated and focused via a set o f ion optics. The process of 
‘sampling’ will be explained later in this chapter. The positively charged ions are then 
separated according to their mass-to-charge (m/z) ratio by a quadrupole mass analyser.
Figure 3.1.1.2. Schematic of ICP-MS instrumentation, VG PlasmaQuad, VG 
Elemental [VG Elemental].
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The ions leaving the quadrupole are deflected onto the surface o f a channel electron 
multiplier (CEM) where they are counted. This ion count is then interpreted using a 
computer which is linked to the ion counting hardware.
The methods o f sample introduction to the ICP are extremely important to the 
characteristics o f an ICP-MS and will therefore be discussed in greater detail later 
(see section 3.2.2.).
3.1.1. The IC P as an ion source for MS
The ICP’s used in ICP-MS are almost identical to those used in AES. However, there 
are differences in the orientation and grounding o f the two [Boumans, 1978]. The ICP 
found favour in AES because o f its ability to produce singly-charged positive ions. It 
is the emission lines from these singly-charged positive ions that often provide the 
most useful analytical lines.
A plasma is fonned at the end o f a cylindrical torch (Figure 3.1.1.3.) by a tangential 
stream o f argon flowing between two quartz tubes o f the torch. Gases other than argon 
can be used to form the plasma (section 3.4.9.). The torch is made from high quality 
fused silica glass and constructed to a high degree o f accuracy. At the end o f the torch 
is a water-cooled copper coil. The copper coil acts as the primary o f a radio frequency 
(RF) transformer, the secondary being the discharge itself. The RF current is supplied 
by a generator and produces a magnetic field which varies with the generator 
frequency so that, within the torch, the field lines lie along the axis. The usual 
frequencies are 27 or 40 MHz. The RF magnetic field is inductively coupled to the 
electrons o f the argon support gas. These are accelerated in circular paths around the 
lines o f force that run axially through the coil. When power is applied to the coil the 
argon is cold and non-conducting. The initial electron density is produced by a spark 
from a Tesla coil. The discharge provides free electrons to couple with the magnetic 
field. Electrons in the plasma press around the magnetic lines in circular orbits. The 
electrical energy supplied to the coil is converted into kinetic energy o f tbe electrons.
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Once the electrons reach the ionisation energy o f the support gas, further ionisations 
occur and a stable plasma is created. The plasma fireball is kept off the walls of the 
torch by the high velocity coolant gas flow [Gray, 1988],
normal analytical zone (blue)
Initial radiation zone (red)
Induction region
Outer gas flow
Figure 3.1.1.3 Diagram of the torch and plasma, shown in its vertical configuration as 
used in ICP-AES [Tyler, 1991],
As discussed briefly in section 3.1., samples are most commonly introduced into the 
plasma as an aerosol in a stream of argon gas. The aerosol is produced when the 
original sample is passed as a solution through a pneumatic nebuliser. The sample 
aerosol is injected into the plasma via a sample injector tube. The sample injector tube 
(also made of high quality fused silica) generally has an internal diameter o f 
approximately 1.5 mm. Narrower bore tubes are used but tend to block easily. 
Blockages occur when solutions containing a high concentration o f dissolved solids 
are analysed. Narrower bore tubes do, however, offer better plasma penetration and a 
narrower central core to the plasma.
The cool argon injector glass flow, containing sample aerosol, punches a channel 
through the central core o f the plasma. This is known as the central channel or zone 
(Figure 3.1.1.4.). It is here that atomisation and ionisation take place.
mm
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Figure 3.1.1.4 ICP used as an ion source for MS, showing temperature zones [VG 
Elemental],
The copper load coil and the plasma present a low electrical impedance to the RF 
generator which supplies them with energy. It is essential that the RF generator ‘sees' 
a matched load at the end of the coupling line to the load coil. This ensures that 
efficient energy transfer is achieved and high potentials from the reflected power are 
avoided. The RF systems on most ICP-MS operate at power levels o f 1.0 - 1.5 kW 
forward power and with a reflected power of a few watts (generally < 5W).
Most of the elements with an ionisation energy below that of argon (15.75 eV) are 
ionised in the plasma. ICP-MS is capable of 100% ionisation for 70% of the elements 
[Haygarth, 1993], Unfortunately, selenium with its relatively high ionisation energy o f 
9.752 eV, is ionised to a far lower degree. Haygarth et al. [1993] quoted the amount of 
selenium ionised in an ICP as 10%. Houk [1986], however, states that up to 30% 
ionisation is achieved at 7500K and at an electron density of lO13 cm " (Table 
3.1.1.5.). Montaser and Golightly [1987] substantiated Houks7 findings with a 30.53% 
ionisation of selenium in an ICP. Although the production o f singly-charged ions is 
generally very efficient in the ICP, the ionisation conditions are not overly energetic. 
In addition, the temperature and electron density are such that relatively few doubly-
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charged ions are formed (Table 3.1.1.5). Elements with the lowest second ionisation 
energies (Ba and the light rare earths) are expected to have about 10% doubly-charged 
ions. In practice these values are less than 10%: the performance specifications for the 
Finnigan MAT Sola quoted the observed doubly charged ion formation as < 2% for 
barium and < 0.2% for cerium [Turner, 1991 and Finnigan, 1993].
The advantages of the ICP as an ion source for ICP-MS may be summarised as 
follows:
(i) the degree o f elemental ionisation across the periodic table is relatively high 
and uniform;
(ii) most elements ionise to form singly-charged positive ions;
(iii) samples are introduced at atmospheric pressure and can be readily 
interchanged;
(iv) sample dissociation is very efficient at the plasma gas temperatures 
experienced, therefore few molecular fragments survive these conditions;
(v) high ion populations o f trace concentrations are produced and therefore the 
potential exists for high sensitivity [Gray, 3988].
The disadvantages o f the ICP for ion formation in ICP-MS are that the high gas 
temperatures at which the ions are formed require an appropriate interface design. 
The interface design is required to transfer the ions, without significant distortion o f 
their relative populations, to a mass analyser which operates at vacuum.
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3.1.2. Ion extraction from the ICP: the sampling interface
An ICP operates at atmospheric pressure, whereas the mass spectrometer requires a 
vacuum better than 10° mbar. Hence, ions must be extracted from the plasma and into 
a vacuum system. This requires an interface, a crucial part of any ICP-MS system 
[Douglas, 1988], The interface consists partly o f a water-cooled cone with a sampling 
orifice (diameter ~ 1.0 mm.) in its centre and is positioned directly in the ICP (Figure
3.1.2.1.). The plasma flares out over the face and sides of the sampling cone, with 
most o f the gas flow from the injector being extracted into the cone aperture. The vast 
majority of gas that passes over the face and sides of the sampling cone comes from 
the annulus.
The sampling cone is normally made from nickel due to its resistance to corrosion and 
high thermal conductivity. Platinum cones are sometimes used but their cost is 
prohibitive. Hence, they are only used for ‘clean’ samples (water for example) or 
where nickel is to be analysed.
Figure 3.1.2.1. Schematic diagram of the ICP and ion extraction interface used in ICP- 
MS [Niu, 1996], The plasma flares out over the face of the sampling cone whilst the
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central channel is sampled. The interface is a two-stage sampling interface containing 
sampler and skimmer cone.
A, torch and load coil,
B, hot outer torus o f ICP
C, sample flowing into central channel o f ICP
D, initial radiation zone, showing emission from oxides and neutral atoms
E, normal analytical zone showing emission from ions
F, sampler cone
G, skimmer cone
H, boundary layer o f cold gas outside sampler
I, supersonic je t between sampler cone and skimmer cone 
J, ion lens
Behind the sampling cone is a partial vacuum produced by a mechanical rotary pump. 
Due to the pressure differential over the cone (atmospheric pressure on the plasma 
side and a low pressure behind the sampling cone) gas will flow through the orifice in 
the cone and will carry some ions with it. The first ICP-MS instruments were built 
with a smaller sampling orifice (diameter « 50 - 70 pm) to reduce the gas pumping 
requirements o f the machine. However, there were a number o f disadvantages 
associated with the size o f this sampling orifice:
(i) it encouraged the formation o f an aerodynamic boundary layer which was 
cooled by contact with the sampling cone. As the ions passed through this 
boundary layer they in turn were cooled which led to increased metal oxide 
formation;
(ii) it blocked easily as solids condensed around the orifice;
(iii) the orifice was found to erode rapidly [Douglas, 1988].
Subsequently, the orifice diameter o f the cone was increased to ~ 1 mm [Douglas, 
1981] and the sampling interface designed according to tbe molecular beam 
techniques developed largely by Campargue [1969, 1970and 1984]. The larger cone 
orifice increased the gas flow so that it was large enough to break through the
boundary layer in front o f the sampling orifice. This greatly reduced the metal oxide
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formation. However, it necessitated the use of an additional cone (known as a 
‘skimmer’) positioned behind the sampling cone. Like the sampling cone, the 
‘skimmer’ is normally made of nickel but has a smaller orifice diameter of -  0.7 mm. 
Between the cones, a pressure of about 2.5 mbar is maintained. As the extracted ions 
pass through the sampling cone orifice, the gas stream that carries them expands into 
the vacuum chamber. At this point they attain supersonic velocities and arrive at the 
skimmer orifice in a few microseconds; this ensures that the nature and relative 
proportions of the sampled ions change very little during extraction [Douglas, 1988]. 
The tip of the skimmer cone, located about 7 mm behind the sampling cone, receives 
the central section of the supersonic jet as it expands behind the sampling cone. 
Differences in pressure exist between the areas behind the two cones and so the ions 
are again extracted, this time through the skimmer cone orifice(Figure 3.1.2.1.).
3.1.3. Ion optics
Ions, once they have passed through the orifice in the skimmer cone, must then be 
conveyed to the mass analyser. In order to ensure that the maximum number of ions 
exiting the interface region reach the mass spectrometer, electrostatic ion lenses are 
used to focus the ion beam. Each ion lens consists of several electrodes, with 
controllable potentials applied. These are strung together to confine the ions to the ion 
beam on their passage to the mass analyser. Adjusting the potentials applied to the 
various lenses focuses and steers the ion beam through the ion optics and into the 
quadrupole mass analyser for m/z discrimination. The required functions of the ion 
optics are to produce:
(i) maximum ion transmission, to maintain sensitivity;
(ii) focusing and transmission of ions across the mass range with equal
efficiency.
The mass of the ion is important because it affects the ion’s kinetic energy and hence, 
the ability of the lens to focus the ion. This creates a scenario where different ion 
optic conditions are required to focus different m/z ions. As a result, variations in 
instrument sensitivity across the mass range may be observed. In practical
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applications, a single set o f ion lens settings are used for multi-element analysis and 
the loss of sensitivity across the mass range is not severe (Figure 3.1.3 ).
L3 I DA
Q u a d r u p o le  
F ro n t  P la te
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Figure 3.1.3. Lens system o f the VG PlasmaQuad, VG Elemental. 
L1-L4 are lenses. DA is a differential aperture [VG Elemental].
The photon stop, which can be seen in Figure 3.1.3. is an essential part o f the 
interface. Photons and energetic neutral species are sampled from the plasma and can 
be the source of a false signal, if allowed to travel to the detector. To prevent them 
travelling into the MS (and hence possibly reaching the detector) a photon stop is 
positioned in the lenses. The photon stop is a metal disc which is placed on the axis o f 
the ion beam. The lenses bend the ions around the photon stop and onwards to the 
quadrupole.
3.1.4. The vacuum system
All mass spectrometers require a vacuum to separate ions effectively. This is 
necessar>' because residual gas molecules may collide with the ions, deflecting them 
from their path. The Channeltron ion detector (used to measure the number of ions) 
also requires a vacuum for proper operation.
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The ICP uses a total gas flow in the region o f 17 1 min"1 and this must be managed to 
enable presentation o f the ion beam to the mass spectrometer. The management o f 
this flow is achieved using the interface (detailed earlier) and a vacuum system to 
remove the excess gas load. The vacuum system relies on differential pumping which 
gradually reduces the vacuum to IO"6 mbar, the pressure required for the quadrupole 
and ion detector to function correctly. Designs for this differential pumping system 
vary between manufacturers but generally rely on a three stage system (although the 
recent Fisons PQe uses only two stages) each with its own chamber and pump. The 
first stage commonly uses a mechanical vacuum pump whilst the second and third use 
turbomolecular pumps.
3.1.5. The quadrupole mass analyser
The first quadrupole mass analyser was described by Paul [1953 and 1955] and is 
advantageous in the following ways:
(i) the quadrupole is small (typically 30 cm in length) so that the distance from 
source to detector is limited. Consequently a quadrupole can be operated at 
higher pressures than, for example, a magnetic analyser without the loss o f too 
much intensity due to scattering o f the ions;
(ii) price, size and weight are far less than for a magnetic analyser;
(iii) it is mechanically very simple and no magnet is required as would be the case 
in a magnetic analyser;
(iv) the resolution is set electronically, not mechanically;
(v) scamiing is fully electrical and so can be carried out very rapidly; a full mass 
range scan, for example, can be made in 100 ms [Vandecasteele, 1996];
(vi) The ion beam, produced after the ion optics, is cylindrical in cross section. It 
contains ions whose mean energy is 0-30 eV which has an energy spread o f 
about 5 eV (FWHM). Such an ion beam is well suited for analysis by a 
quadrupole mass analyser [Gray, 1988].
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The quadrupole consists o f four electrodes. Ideally, these should be o f a hyperbolic 
shape, o f infinite length and be positioned on the edges o f a square [Vandecasteele, 
1996]. In practical use, rods with a circular cross section are used (r = 1.148r0„ Figure
3.1.5.). They have a 1.2 cm diameter and are 23 cm in length.
y
Figure 3.1.5. Schematic o f a quadrupole mass analyser [Vandecasteele, 1996],
One of the two pairs o f rods has a positive voltage applied to it, the other a negative 
voltage. The RF voltage applied to each pair has the same amplitude but opposite 
sign, that is they are 180° out o f phase. This reduces the fringing fields at the entrance 
to the main rods and so allows the entrance o f low energy ions. This, together with the 
d.c. pole bias on the quadrupole itself, allows the transmission o f much higher masses 
than would otherwise be possible. Useful resolution over a mass range o f 0-300 
daltons is obtainable which is adequate for elemental analysis [Gray, 1988],
The quadrupole mass analyser works by creating a particular time-varying electric 
field in the space between the four rods. This only allows a stable trajectory for ions 
with a narrow range o f m/z. Typically large quadrupoles, over 200 mm in length and 
12 mm in diameter, are employed. These allow good ion transmission and hence
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overall instrument sensitivity. The ion beam is introduced into one end o f the 
quadrupole at velocities determined by their energy and mass. All the ions are 
deflected by the applied RF voltages into oscillatory paths through the rods [Williams, 
1996]. If the RF and d.c. voltages are selected properly, only the ions o f a specific m/z 
ratio will have a stable flight path through the rods. Other ions will be deflected from 
a stable path, strike the rods o f the quadrupole and be neutralised.
3.1.6. Ion detection and data  handling
Ions leaving the quadrupole mass analyser may be detected by any conventional ion 
detector. To obtain the highest possible sensitivity, it is desirable to detect individual 
ions and so a pulse-counting detector is normally used. This is usually a channel 
electron multiplier which is operated with a high negative potential at its mouth. The 
channel electron multiplier (Channeltron) or CEM is located just off-axis which 
avoids it being struck by any residual photons. The CEM consists o f a curved narrow 
glass tube. It is 1 mm in internal diameter, about 70 mm long and its end is funnel- 
shaped. The interior surface o f the funnel and tube is coated with a lead oxide semi­
conducting material, which is attached to an electrical supply by metal strips. A high 
negative potential (~ 3 kV) is applied to the front o f the funnel or cone whilst the 
other end o f the tube (closest to the detector) is held near ground potential. Thus when 
a voltage is applied across the tube a gradient o f potential is set up within the tube. 
Positive ions are attracted to the funnel by the high negative charge and, when they hit 
the surface o f the cone, one or more secondary electrons are emitted. Due to the 
gradient in potential along the length o f  the tube, the secondary electron(s) are drawn 
further into the cone towards the region o f ground potential. The secondary electron(s) 
then hit the surface o f the cone and again more secondary electrons are emitted. This 
process is repeated many times down the length o f the tube resulting in an avalanche
o
effect. This results in up to 10 electrons arriving at the collector. The advantages o f 
the CEM are>
(i) low background count (normally below ten counts per second);
(ii) relatively high electrical gain;
78
(iii) fast response allowing for high detection efficiencies;
(iv) it is robust with a reasonably long life (~ 1011 ions).
However, the disadvantages o f the CEM are:-
(i) its need for pressures below 5 x 10"5 torr to avoid spurious discharges in the 
detector chamber;
(ii) counting losses above 3 x 106 sec."1 as the detector becomes too slow.
Careful attention must be paid to the count rate in order to prolong detector lifetime. 
Most machines have some automatic protection device to prevent overloading o f the 
detector with excessively high ion counts.
Signal measurement is achieved in the following manner. The pulse o f 108 electrons 
caused by the impact o f the original ion is sensed and shaped by a fast pre-amplifier. 
The pre-amplifier then feeds an output pulse to a digital discriminator. Pulses below a 
certain threshold are ignored as they are generally caused by spurious emissions of 
electrons from inside the tube o f  the CEM.
Data is acquired through a multi-channel analyser (MCA) which typically uses 2048 
channels o f data acquisition memory. The MCA is synchronised with the quadrupole 
so that filtered ions o f a particular m/z ratio are always recorded in the same channels. 
The raw counts from each analyses are stored by the computer in software supplied 
with the instrument. The computer then supplies easily identifiable spectra.
3 .2 . A n a ly t ic a l  F ig u r e s  off M e r i t  (A F M )
An overview o f the analytical figures o f merit o f ICP-MS was given in Chapter 2 (end 
o f section 2.3.). The purpose o f the following section is to discuss the analytical 
figures o f merit (AFM) for ICP-MS in greater detail. The discussion will focus on 
detection limits, signal stability, simultaneous multi-element capability, isotope 
measurement, LDR and ease o f use.
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3.2.1. Detection limits
The detection limits o f ICP-MS are superior to most other techniques. The only other 
technique that boasts similar detection limits is ETA-AAS but this does not have a 
simultaneous multi-element capability. The detection limits (pg P1 or ppb) for a suite 
o f elements covering the mass range using a VG PlasmaQuad are given in Table.
3.2.1.
Table 3.2.1. Detection limits (pg I"1) quoted for the VG PlasmaQuad [VG Elemental].
Element VG PlasmaQuad
Li 0.046
Be 0.10
Co 0.027
In 0.018
Pb 0.02
Bi 0.007
U 0.007
The instrumental conditions for the PlasmaQuad are not quoted in the VG literature.
3.2.2. Signal stability
Under optimum conditions, the signal stability o f an ICP-MS is very good. For a VG 
PlasmaQuad, short-term stability (30 mins.) is better than 2% whilst the long-term 
stability (4h) is guaranteed to be better than 4% [VG Elemental].
3.2.3. M ulti-elem ent capability
ICP-MS has an advantage over many o f its competitors in that it has a simultaneous 
multi-element capability. However, although ICP-MS is accepted as a simultaneous 
multi-element technique, this is not strictly correct. The range o f masses o f interest is
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in fact scanned rapidly a channel at a time and normally using 8 or 16 channels per 
amu. The dwell time per channel is adjustable and is normally in the range of 2 ms, 
with 100 passes per scan (which smoothes out noise from the ICP [Gray, 1988]) 
making up the overall spectra. Therefore, one might say that for the purposes o f 
routine analysis, the ICP-MS may be considered a simultaneous multi-elemental 
technique which gives information throughout the elemental mass range very quickly. 
The advantages o f this include its ability to measure a large number o f analytes at the 
same time.
3.2.4. Isotopic inform ation
ICP-MS measures individual mass units and this enables the user to do the following:-
(i) undertake isotope ratio studies o f elements (lead 204Pb, 206Pb, 207Pb, 208Pb, 
and uranium 235U and 238U isotope studies being o f particular importance);
(ii) use isotope dilution (ID ICP-MS) to determine accurately concentrations o f 
elements that have 2 or more isotopes. Garbarino and Taylor [1987] showed 
that ID-ICP-MS was ideally suited for sample analyses and particularly the 
certification o f standard reference materials;
iii) undertake stable isotope tracer studies. To quote Janghorbani [1984]
‘This method of isotopic analysis provides the experimental base for a large number of 
mineral/trace element investigations not previously possible or improves significantly on the 
previously available methodology’.
Longer dwell times per channel favour isotope ratio measurements [Gray, 1988]. 
Isotope ratio measurements which fall within a few percent o f nominal ratios can be 
achieved throughout the mass range.
3.2.5. L inear dynam ic range (LDR)
ICP-MS has an exceptional linear dynamic range (LDR). Instrument modifications 
allow determinations across nine orders o f magnitude. For all instruments the LDR is
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between 4-9 orders o f magnitude. This allows for trace, minor and major element 
determinations to be achieved simultaneously, without sample dilution.
The resulting spectra from a scan are easily interpreted allowing simple calculations 
for elemental concentrations. These are generally handled within the instrument 
manufacturer’s software. The ability to view particular sections o f the mass range and 
see the resulting ion counts allows the user to monitor troublesome interferences.
The advantages mentioned above have led to the acceptance o f ICP-MS as the most 
popular contemporary technique for multi-elemental determinations in a wide variety 
o f applications.
3 .3 . D is a d v a n ta g e s  o f  I C P -M S
ICP-MS should not be considered a ‘Black-Box’ technique, as it requires skilled 
operators who understand the limitations o f the method and its inherent problems. 
These problems and their specific relationship to the analysis o f selenium are detailed 
below.
3.3.1. Poor Ionisation efficiency of selenium in an IC P
ICP-MS is characterised by low detection limits for many elements, due in part to 
high percentages o f the analyte being ionised (Figure 3.1.1.5.). However, selenium 
suffers from poor ionisation efficiency.
The reason for this poor ionisation efficiency is the high first ionisation potential o f 
selenium (9.752 eV) which is much closer to the first ionisation potential o f argon 
than most other elements. Arsenic and mercury similarly suffer from poor ionisation 
efficiencies (As -  48.87%, Hg = 32.31%) which is again due to high ionisation 
potentials (As = 9.81 eV, Hg =  10.437 eV). The use o f argon for the ICP gas therefore
82
limits the technique when analysing non-metals. Fluorine, for example, has a first 
ionisation potential 1.66 eV above that o f argon. It is therefore unlikely to ionise to a 
great extent in an argon ICP.
In conclusion, the sensitivity o f ICP-MS for the determination o f selenium is 
relatively low compared with that o f the majority o f elements.
3.3.2. Spectroscopic o r spectral interferences
These interferences have been well documented and quantified [Gray, 1986], To 
quote Evans and Giglio [1993] from their excellent paper on the interferences in ICP- 
MS
‘This categoiy of interferences probably forms the largest and most intractable in ICP-MS’.
Indeed a large proportion o f the papers published in the area o f ICP-MS deal with this 
problem. Some concentrate on the observations o f the interferences whilst others 
focus on developments to reduce or remove the interferences. Literature which 
specifically deals with this subject include Tan, 1986; Vaughn, 1986; Vaughn, 1990; 
Evans, 1993; Vanhoe, 1994. However, these papers only give qualitative information 
and many o f the interferences listed in these reviews can be disregarded in practical 
applications. However, in certain matrices unexpected interferences may occur 
[Dams, 1995].
Spectroscopic interferences are caused by atomic or molecular ions having the same 
nominal mass as the analyte under investigation. This causes an erroneously high 
signal at the m/z number under examination [Evans, 1993]. In conventional ICP-MS 
these interferences are caused by the inability o f the quadrupole to resolve peaks 
which fall within one atomic mass unit (amu) o f each other. Spectroscopic 
interferences are sub-classed into the following types:
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(i) isobaric ions akin to isotopes o f another element having the same mass 
number. Examples o f this are 74Se and 74Ge as well as 82Se and 8“Kr (see 
Figure 3.2.2.1.) This problem is easily overcome because it is well 
documented and thereby easy to predict. In addition an alternative isotope can 
usually be employed or elemental equations can be used for quantitative 
analytical determination, but this for many cases may be at the expense of 
sensitivity.
80 81 82 83 84
m/z number
Figure 3.2.2.1. Spectrogram demonstrating the isobaric interference o f 82Kr+ on x2Se+.
oi 82 E 82 -j-Kr is also shown and is usually used to correct for the interference o f “Kr on "Se
(82Kr+ = 11.6% natural abundance and 83Kr+ = 11.5%);
(ii) doubly charged ions, oxides and hydroxides. Although the ICP is good at
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forming singly-charged analyte ions (M ) species, some M" species are 
formed from elements with a low second ionisation potential. The quadrupole 
separates the positive ions into their m/z ratio and consequently a doubly- 
charged ion will be detected at half its mass. The influence o f M" ions on the 
various selenium isotope signals is considered to be very small and can 
basically be ignored under normal analytical conditions. The interfering M2+ 
species and the affected selenium isotopes with which they interfere with are 
listed in Table 3.3.2.2.
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Table 3.3.2.2. 
1986],
Selenium isotopes that are affected by various M2+ ions [Vaugh]
Element % Associated 
Abundance species
Mass Affected isotope
148Nd 5.73 Nd2+ 74 74Se
,47Sm 15.09 Sm2+ 73.5 74Se
148Sm 11.35 Sm2+ 74 74Se
149Sm 13.96 Sm2+ 74.5 74Se+
l52Sm 26.55 Sm2+ 76 76Se+
,54Sm 22.43 Sm2+ 77 77Se+
15,Eu 47.82 E u2+ 75.5 ,6Se+
i53Eu 52.18 Eu2+ 76.5 76Se+
152Gd 0.205 Gd2+ 76 76Se+
154Gd 2.23 Gd2+ 77 77Se+
155Gd 15.1 Gd2+ 77.5 77Se+ & 78Se+
156Gd 20.6 Gd2+ 78 78Se+
151Gd 15.7 Gd2+ 78.5 78Se+
1<S0Gd 21.6 Gd2+ 80 80Se+
156Dy 0.05 Dy2+ 78 78Se+
160Dy 2.28 Dy2+ 80 80Se+
16,Dy 18.88 Dy2+ 80.5 80Se+
1<S3Dy 24.97 Dy2+ 81.5 82Se+
164Dy 28.18 Dy2+ 82 82Se+
,59Tb 100 Tb2+ 79.5 80Se+
164Er 1.56 Er24- 82 82Se+
165Ho 100 Ho2+ 82.5 82Se+
In addition to doubly-charged elemental species there are those elements that 
have a high MO bond strength, leading to oxide (MO+) and hydroxide (MOH+) 
ion formation. This sub-group o f  interferences do not affect the determination 
o f selenium;
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(iii) polyatomic, o r m olecular ion interferences as they are also known, make up 
the third sub-category. Polyatomic ions are formed from precursors in the 
plasma gas (normally argon), entrained atmospheric gases (e.g. nitrogen), 
water, acids used for dissolution and the sample matrix itself. The polyatomic 
ion formed may have the nominal m/z number o f that o f the analyte under 
investigation. The importance o f this sub-group lies with the impact it has on 
the analysis o f selenium. This will be discussed in detail next.
Despite being a sensitive, precise and accurate technique for the determination o f 
many trace elements, ICP-MS characteristically suffers from the problem of 
polyatomic ion interferences below m/z 80 when using an argon ICP. As mentioned 
briefly above the interferences caused by the plasma gas, water, and entrained gas are 
present even when a sample is not being analysed [Tan, 1986], The process by which 
polyatomic ions are formed is the subject o f much debate [Vaughn, 1990; Evans, 
1993; Becker, 1996], O f the several possibilities discussed in the literature, the use o f 
continuum sampling (present in recent ICP-MS instruments) effectively removes the 
contribution o f interferences from the boundary layer [Evans, 1993]. However, 
Vaughn and Horlick [1990] postulated that the boundary layer around the edges o f the 
sampling orifice may well contribute to the formation o f polyatomic oxides. The 
suggested sources o f polyatomic ions are:-
(i) survival through the plasma, especially with respect to the occurrence o f 
refractory metal oxide ions [Olivares, 1985];
(ii) collision reactions in the boundary layer around the outside surface o f the 
sampler [Gray, 1983; Vaughn, 1990];
(iii) condensation reactions in the expansion region o f the plasma. This theory is 
strongly supported by molecular beam theory [Campargue, 1984; Olivares, 
1985; Gray, 1986],
When the ICP-MS is utilised in its basic form (pneumatic nebulisation ICP-MS) the 
analysis o f selenium is made particularly awkward as all o f its six naturally occurring 
isotopes suffer from polyatomic interferences to varying degrees.
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Table. 3.3.2.3. Naturally occurring selenium isotopes, their relative abundance and the 
interfering ions that may cause problems in their determination.
Isotope Natural Abundance (%) Interfering Polyatomic Ion
74Se (0.87%) 36Ar38Ar+,
76Se (9.02%) 40Ar36Ar+, 76Ge+
77Se (7.58%) 40Ar37Cl+
78Se (23.52%) 40Ar38Ar+
'“'Se (49.82%) 40Ar40Ar+
82Se (9.19%) o
c
| 
N>
The abundance o f 38Ar is only 0.06% and that o f 36Ar is just 0.34%. This leads to a 
very small probability that 38Ar36Ar+ will be formed from the plasma gas and hence 
mask 74Se+. However, 74Se+ is o f particularly low abundance (0.87%). One must also 
take into account the isobaric interference from 74Ge+. These final two factors prohibit 
the use o f 74Se+ for routine determinations o f concentration.
In contrast, 76Se is only o f 9.02% natural abundance and the 40Ar36Ar+ polyatomic 
readily masks this isotope at the trace selenium concentrations found in many 
biological samples.
77Se is also o f low natural abundance (7.58%) but this isotope suffers from a 
polyatomic interferent that originates in the matrix, namely chlorine. The particular 
problem of matrices with high chloride content [Lyon, 1988] or sample preparation 
techniques which use acids containing chloride [Munro, 1986], precludes the use of 
77Se+ due to the 40Ar37Cl+ interference. Vanhoe et al. [1994], have quantified the 
effect various levels o f chlorine have on the 77Se+ signal. The interference on m/z 77 
is identical to the interference on m/z 75 except that the 35C1 isotope is interfering 
(40Ar35Cl+) rather than the 37C1 isotope. This interference is particularly problematic as 
the only isotope o f arsenic, 75As, appears at this m/z. The effect o f the 40Ar37Cl+ 
interference, with respect to the chlorine concentration in blood serum and the
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contribution it makes to the perceived level o f selenium when using the 77Se+ isotope, 
will be evaluated later on in this work. Attempts at reducing or eliminating the 
40Ar37Cl+ interference from 77Se+ determinations will also make up a large part o f this 
thesis.
78Se suffers from an argon dimer 40Ar38Ar+. Although the 78Se isotope is o f a 
reasonable abundance (23.52%) the presence o f the argon dimer again restricts the use 
o f this isotope. As with the 40Ar37Cl+ interference investigations into reducing or 
removing the 40Ar38Ar+ interference from m/z 78 will be demonstrated in this work.
The selenium isotope that occurs in the greatest natural abundance is 80Se (49.82%). 
This isotope is completely masked by the 40Ar40Ar+ dimer. The presence o f this dimer 
prohibits the use o f this isotope.
The only isotope o f selenium that is almost completely free from spectroscopic 
interferences is the 82Se isotope (natural abundance 9.19%). 82Se+ shares the same 
mass number as 82ICr+ (natural abundance 9.26%) which is often present as a 
contaminant in the argon plasma gas (see Figure 3.2.2.1.). This 82Kr+ contribution to 
82Se+ is usually very small (typically around a hundred counts sec’1) and it is easily 
corrected by defining the ion count on 82Se+ as:
82Se+ = 82Se+ - ( 83Kr+ x 1.008).
34S560 3+ and 40Ar40ArH2+ are also listed as polyatomic interferences for m/z 82 but 
these are o f little significance.
Below, are the typical background spectra obtained for water and 5% HCI between 
m/z 42 and 84 [Tan, 1986],
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B ackground Spectra for D istilled Water
l/L !-l Ii
42.0 45.0 5 0.0 SS.0 60.» 65. B 70.0 7S.0 80.0 l« 0
A+, — — j
47.0 45.0 50.» 55.0 60.0 65.0 70.0 75.0 84 0 I *  IMASS
Figure 3.3.2.4. Background spectra fo r w ater fo r the mass range 42 to  84 amu [Tan, 
1986].
Background Spectra for 5 % frydrccnionc Ac d
Figure 3.3.2.5. Background spectra for 5 %  HCI for the mass range 42 to 84 amu.
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3.3.3. Non-spectroscopic interferences
The second major group o f interferences associated with ICP-MS are the non- 
spectroscopic interferences. A spectroscopic interference may broadly be described as 
one in which the analytical signal is enhanced by another element or polyatomic 
species with the same nominal mass. A non-spectroscopic interference is generally a 
suppression, or sometimes an enhancement, o f the analyte signal. This is due to 
various factors which exert an influence on sample transport, ionisation in the plasma, 
ion extraction, or ion throughput in the resultant ion beam. In addition, the nature and 
concentration of the sample matrix has a direct bearing on the severity o f non- 
spectroscopic interferences [Evans, 1993].
The non-spectroscopic interferences found in ICP-AES have been well documented 
and apply to ICP-MS in the fields o f sample transport and ionisation. Suppression and 
enhancement effects caused by the matrix have been found to be more severe in ICP- 
MS than in ICP-AES. This indicates that ion extraction and focusing in the mass 
spectrometer is the predominant influence. The strong influence from matrix-induced 
interferences generally limits analyses o f solutions with dissolved solids o f < 1%. 
Dilution normally solves this problem so that when dissolved solids are at < 0.1%, the 
interferences are smaller and can be corrected. However the influence o f matrix 
effects can depend on many factors. These include:
(i) the analyte element;
(ii) the matrix;
(iii) instrumental operating conditions, (e.g. carrier gas flow, sample uptake or 
forward power to the plasma as well as aperture sizes o f the sampling and 
skimmer cones);
(iv) type o f ICP-MS used.
The most obvious forms o f matrix effect are blockages by solid deposition in either 
the injector tube (easily seen, either in the injector tube or as a decrease in signal 
response) or in the sampling orifice (indicated as a decrease in signal with time).
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Thorough reviews o f the processes occurring during nebulisation and sample transport 
through the spray chamber have been published by Sharp [1988], Boumans [1987], 
and Montaser and Golightly [1987].
The effect o f high salt concentrations can also be observed by noting the reduction o f 
the analyte signal which is due to ionisation suppression. This has been attributed by 
some authors [Olivares, 1986] to the introduction o f easily ionised elements (alkali or 
alkaline earth elements) into the plasma. This contributes strongly to the electron 
density in the plasma and shifts the ionisation equilibrium (M ^  M+ + e") so that 
analyte elements are ionised to a lesser extent. The properties o f a sample matrix can 
have a profound effect on the temperature o f  the plasma and hence the dissociation, 
atomisation, excitation and ionisation characteristics o f the plasma can change.
Another explanation for the matrix-induced effects is based on the space-charge effect 
which occurs after the ion beam has been extracted from the plasma [Gilson, 1988]. 
Because the ion lens system is designed to transmit only positive ion species to the 
spectrometer, the ion beam acquires a high positive ion density shortly after it passes 
the skimmer cone. In the absence o f a sample matrix, these positive ions are mainly 
Ar+ and 0 +. Once a sample is analysed and the matrix ions added to the ion beam, the 
ion density increases. Ions such as Na+ present in the matrix repel analyte ions. The 
increased space-charge prevents the ion lens system focusing the beam as efficiently 
and ions are lost. Lighter analyte ions can be expected to suffer from space-charge 
effects more than heavier ions and are subject to greater loss. At the same time, heavy 
matrix ions will have a larger influence than light ones, as they are more effective in 
repelling analyte ions [Vandecasteele, 1996], There is considerable conflicting 
evidence on this subject, but several important points can be drawn from the 
literature:
(i) light analyte elements with high ionisation potentials are most severely 
affected;
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(ii) plasma operating conditions have an enormous influence on the severity of 
these effects;
(iii) heavy elements with high ionisation potentials cause the most severe effects 
and combined with (i) gives a mass bias effect;
(iv) the matrix effect is dependent on the absolute amount o f the matrix element 
rather than on the molar ratio o f matrix element to analyte, hence the effects 
can be reduced by dilution o f the sample.
The available methods for reducing or removing interferences (spectroscopic and non- 
spectroscopic) will be discussed in the next section.
In summary the problems o f analysing selenium by conventional pneumatic 
nebulisation ICP-MS are:
(i) poor ionisation efficiency within the plasma, 33% [Houk, 1986];
• O ')
(ii) Se, the only isotope o f practical use, is o f low natural abundance (9.19%);
(iii) as with any other analyte, the transport efficiency when using a normal 
nebuliser is particularly poor, 1-2%.
The poor ionisation efficiency o f  selenium in the argon plasma coupled with the need 
to use an isotope (82Se) with low abundance (9.19%) and the poor efficiency o f a 
conventional pneumatic nebuliser, leads to a rather poor detection limit o f ~ 2 pg f 1 
(2 ppb) for a Finnigan MAT Sola ICP-MS. Taking account o f the fact that the 
selenium concentration in human blood serum is in the region o f 80-120 pg F1 
[Iyengar, 1978] and the need for a 10-20 fold dilution to reduce matrix effects, the 
final sample selenium concentration will be at, or only just above the detection limit.
3 .4 . M e th o d s  o f  I m p r o v in g  S e le n iu m  D e te r m in a t io n  b y  IC P -M S .
As mentioned previously, there have been a large number o f publications describing 
methods o f dealing with interferences. Many o f these discussed instrumental changes 
including hydride generation, low pressure plasmas, ion chromatography, gel
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filtration, a n d  fl o w  injection. Other, m o r e  expensive, instrumental m e t h o d s  are high- 
resolution m a s s  spectrometry or the use o f  a collision cell. O t he r researchers h a v e  
e x a m i n e d  ch an ge s to the p l a s m a  conditions. T h e s e  h a v e  included:
(i) using other gases for the production o f  the plasma, e.g. helium;
(ii) adding other gases directly into the argon plasma, e.g. nitrogen, oxygen, 
trifluoromethane [Hill, 1 9 9 2  ( a a n d b )  ; Velde-Koerts, 1994; Platzner, 1994];
(iii) introduction o f  organics within the s a m p l e  [Goosens, 1993a].
In this section m e t h o d s  to suppress or alleviate interferences will b e  discussed with 
specific reference to the determination o f  selenium. T h e  first g r ou p o f  m e t h o d s  to b e  
discussed will concentrate o n  those w h i c h  help o v e r c o m e  matrix-induced suppression. 
T h e s e  include: dilution; internal standardisation; isotope dilution a n d  fl o w  injection.
3.4.1. Dilution
Dilution is o n e  o f  the m o s t  simple a n d  effective m e t h o d s  to deal with matrix 
interference. A s  m e n t i o n e d  previously, the m a g n i t u d e  o f  the matrix interference is 
d e pe nd en t o n  the absolute a m o u n t  o f  the matrix element rather than o n  the m o l a r  ratio 
o f  matrix el em en t to analyte. H e n c e ,  the effects ca n  b e  re du ce d b y  dilution o f  the 
sample. H o w e v e r ,  there is a m a j o r  disadvantage in that the analyte under investigation 
is diluted along with the rest o f  the s a m p l e  so that the advantage o f  l o w  detection 
limits with I C P - M S  are partly sacrificed.
S i m p l e  dilution o f  a s e r u m  s a m p l e  followed b y  analysis b y  I C P - M S  w a s  attempted b y  
V a n h o e  [1994] but this m e t h o d  w a s  only suitable for certain elements a n d  w a s  f o un d  
to b e  unsuitable for m a n y  o f  the elements b e t w e e n  m / z  4 0  to 8 0  w h i c h  suffer badly 
f r o m  interferences.
3.4.2. Internal standardisation
A n  internal standard is a n  el em en t w h i c h  is a d d e d  in a k n o w n  (and preferably equal) 
concentration to all the blanks, reagent blanks, standards a n d  samples. T h e  signal
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f r o m  the internal standard is then us e d  for calculating the concentration of the analyte 
o f  interest. T h e  ratio o f  the analyte signal to the internal standard signal is then used 
as the analytical signal. U s e  o f  the internal standard im pr o v e s  accuracy b y  allowing 
for a n d  correcting:
(i) r a n d o m  fluctuations o f  the signal, for e x a m p l e  instrumental drift;
(ii) systematic variations o f  the analytical signal in sa mp le s a n d  standards d u e  
to matrix effects.
T h e  suitability of  the internal standard is d e pe nd en t o n  its signal being influenced in 
the s a m e  w a y  a n d  to the s a m e  degree as the analyte being analysed. This implies that 
the relative signal variation, d u e  to interference, should b e  independent o f  the 
chemical a n d  physical properties o f  the isotopes.
It has already b e e n  m e n t i o n e d  that, in general, the suppression or e n h a n c e m e n t  o f  a 
signal b y  matrix effects is d e pe nd en t o n  its m a s s  n u m b e r ,  i.e. the m a s s  bias effect. 
This has a  bearing o n  the choice o f  internal standard be ca us e their use in the 
correction o f  matrix effects is de p e n d e n t  o n  their having both a m a s s  n u m b e r ,  a n d  
preferably a n  ionisation potential, w h i c h  is as close as possible to that o f  the analyte 
being studied [ T h o m p s o n ,  1987; V a n h a e c k e ,  1992], This use o f  a  n u m b e r  o f  internal 
standards is therefore required w h e n  a selection o f  elements are to b e  analysed 
throughout the m a s s  range. T h e  use o f  a n  internal standard in analyte determinations 
also i m pr ov es precision in addition to accuracy.
I n d i u m  has b e c o m e  a  popular choice o f  internal standard [Vandecasteele, 1988; 
W a n g ,  1 9 9 0  &  1991]. It corrects matrix effects for a variety o f  analytes w h e n  there is 
a  large excess o f  matrix. H o w e v e r ,  other authors continue to assert that a n  el em en t 
close in m / z  n u m b e r  to the analyte is a better internal standard [Marshall, 1991; 
Igarashi, 1991].
It is w o r t h  noting that B e a u c h e m i n  e l  a l  [1988] investigated the use o f  b a c k g r o u n d  
species 40A r 40A r + a n d  40A r 1 2C + as external standards for the correction o f  matrix 
effects. S o m e  i m p r o v e m e n t  w a s  f o u n d  in precision for those elements reasonably
9 4
close in m/z. H o w e v e r ,  their examinations did not give results for selenium. T h e  
overall a p pr oa ch o f  using such external standards should b e  treated with caution as 
the m e c h a n i s m  b y  w h i c h  40A r 4 0A r + is f o r m e d  is different to that o f  the analyte ions.
3.43. Isotope dilution (ID)
Isotope dilution m a s s  spectrometry ( D D M S )  is capable o f  a  high degree o f  accuracy 
a n d  provides a m e a n s  b y  w h i c h  the analyte un de r investigation serves, d e  f a c t o , as its 
o w n  internal standard. Fo r these reasons 1 D - I C P - M S  has p r o v e d  very popular for 
elemental analysis b y  I C P - M S  [Pin, 1992; M c L a r e n ,  1987; K l i n k h a m m e r ,  1991; 
Toole, 1991, Chiba, 1992; Beary, 1994; H e u m a n n ,  1994]. T h e  principles a n d  practice 
o f  I D M S  for elemental analysis h a v e  b e e n  well s u m m a r i s e d  b y  Fasset a n d  Paulsen 
[1989]. Despite being a highly accurate a n d  precise m e t h o d  o f  analysis, allowances 
m u s t  still b e  m a d e  for possible spectroscopic a n d  m a s s  bias effects. It is important to 
study the un-spiked natural isotopic a b u n d a n c e  o f  the element u n d e r  investigation to 
ensure the absence o f  spectroscopic interferences. In addition a  standard o f  k n o w n  
isotopic composition should b e  analysed to investigate m a s s  discrimination.
Finally, 1 D - I C P - M S  is only applicable w h e n  t w o  isotopes, w h i c h  d o  not suffer f r o m  
spectral interferences, are available [ D a m s ,  1995]. This is not the case with selenium 
analysis b y  I C P - M S  un de r n o r m a l  operating conditions.
3.4.4. F l o w  injection (FI)
F l o w  injection m a y  b e  divided into t w o  categories:-
(i) w h e r e  it is c o m b i n e d  with other m e t h o d s  su ch as on-line matrix separation 
or chromatography;
(ii) w h e r e  it is us e d  alone a n d  the s a m p l e  is injected into a n  a q u e o u s  carrier , 
stream.
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Fo r  the purposes o f  reducing or alleviating matrix-induced interferences, the se c o n d  
m e t h o d  is considered superior a n d  has f o u n d  wi de sp re ad use in I C P - M S  [Eaton, 1992; 
D e a n ,  1988; Hutton, 1986; Hutton, 1988; W a n g ,  1991; Peng, 1991].
T h e  m a j o r  advantage o f  FI is that the m e t h o d  presents the s a mp li ng c o n e  with far less 
o f  the s a m p l e  matrix (typically 1 0 0  pi) than conventional continuous nebulisation. 
Consequently, there is a far smaller c h a n c e  that the sa mp li ng orifice will clog. T h e  FI 
m e t h o d  also effectively dilutes the s a m p l e  a n d  this brings the a c c o m p a n y i n g  benefit o f  
lowering matrix-induced suppression. Finally, Fl allows for rapid s a m p l e  throughput 
c o m p a r e d  with conventional methods, su c h  as, pn e u m a t i c  nebulisation.
Ot he r m e t h o d s  o f  reducing matrix effects are available (separation methods, lens 
tuning a n d  addition o f  gases, su c h  as, nitrogen to the outer gas flow) but these fall 
u n de r the separate he ad in g o f  m e t h o d s  w h i c h  suppress spectroscopic interferences. 
T h e s e  will b e  discussed next.
3.4.5. I n s t r u m e n t a l  p a r a m e t e r s
Optimisation o f  instrumental parameters has b e e n  s h o w n  to greatly affect the 
polyatomic, oxide a n d  doubly-charged ion response [Gray, 1987]. B y  proper settings 
o f  the instrumental parameters, the intensities o f  M O + a n d  M O H + species can b e  
r e du ce d to less than 1 - 2 %  [ D a m s ,  1995].
It has b e e n  s h o w n  that the presence o f  a significant interference ca n  b e  determined b y  
close inspection o f  the signal-versus-nebuliser gas fl ow rates [Goosens, 1994a]. T h e  
presence o f  a n  interference mostly results in a ‘shoulder’ appearing o n  the plot, or 
m o r e  generally in a deviation f r o m  the plot o f  a  non-interfered element. A l t h o u g h  
useful for determining the presence o f  a n  interference, this m e t h o d  should b e  
considered as semi-quantitative since the variation is d e p e n d e n t  o n  the matrix, 
instrumental configuration a n d  settings [ D a m s ,  1995],
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3.4.6. Alternative sample preparation
O n e  of the m o s t  obvious a n d  easy m e t h o d s  to reduce spectroscopic interferences w h e n  
dealing with a w h o l e  suite o f  elements is the use o f  alternative s a m p l e  preparation 
methods. Publications b y  T a n  [1986] a n d  V a u g h n  [1986] clearly define the 
interferences c o m m o n l y  encountered w h e n  using various acids. T h e  use o f  H C I  in 
dissolution techniques introduces the m a j o r  interferent o n  7 7S e + (and the m o n o -  
isotopic 7 5 A s 4), namely, 40A i 3 7C 1 + (40A r 35C f  a n d  3 8A r 3 7C l 4  o n  7 5A s 4). 51V *  ( 9 9. 8% ) 
also suffers badly f r o m  a polyatomic containing chlorine, namely, 3 5C 1 I60 +.
T h e  acid that has gained the m o s t  favour for the digestion o f  biological a n d  food 
sa mp le s is nitric acid as it contains only the species H ,  N  a n d  O, already present in the 
p l a s m a  a n d  entrained gases [ M u n r o ,  1986; V a n h o e ,  1986]. Po ly at om ic ions f r o m  
nitrogen are less ab un d a n t  than m a n y  other polyatomic species d u e  to the high 
ionisation potential o f  nitrogen w h i c h  only ionises to about 0 .1 %  in a n  argon p l a s m a  
(Table. 3.1.1.5.).
In s u m m a r y ,  the use o f  a  s a m p l e  preparation protocol w h i c h  pays careful attention to 
possible interference p r o b l e m s  is essential in I C P - M S .  W h e n  determining selenium 
concentrations in bl oo d s e r u m  (using the 7 7 S e + isotope, a n d  taking into account the 
polyatomic interference 40A r 3 7C l +) the C f  contribution c o m e s  f r o m  the s a m p l e  matrix 
itself, so the use o f  H N 0 3 for dissolution procedures me r e l y  m i ni mi se s the C f  
interference.
3.4.7. M a t h e m a t i c a l  correction
In a  n u m b e r  o f  cases, spectral interferences ca n  b e  corrected b y  a mathematical 
procedure ba se d o n  signal ratio m e a s u r e m e n t s  [H e n s h a w ,  1989; Ketterer, 1989; 
V a u g h n ,  1990b; Shao, 1991], T h r e e  mathematical corrections are applicable to 
selenium isotopes w h i c h  suffer f r o m  interference :
9 7
i
(i) correction ba se d 0 1 1 2 analyte nuclides, for e x a m p l e  the 7 8S e + a n d  7 6S e + 
isotopes b y  4 0A r 3 8A r + a n d  40A r 3 6A r +;
ii) correction via polyatomic ions generated b y  the s a m e  matrix element, for
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e x a m p l e  the interference 0 1 1  S e  b y  A r  Cl , corrected b y  m e a n s  o f  Cl O
or 3 7 C 1 1 60 +;
iii) correction via polyatomic ions o f  identical composition, for e x a m p l e  the 
interference o n  7 7 S e + b y  40A r 3 7C l +, corrected b y  m e a n s  o f  40A r 3 5C l +.
Applications o f  mathematical correction h a v e  b e e n  m a d e  b y  a variety o f  authors:-
(a) G o o s e n s  [1994] applied the first technique a b o v e  to the determination of 
selenium in h u m a n  serum. Special attention w a s  given to the effect o f  m a s s  
discrimination a n d  the b a c k g r o u n d  signal. A  detection limit o f  I p g  I' 1 w a s  
achieved but w a s  f o u n d  to b e  strongly d e pe nd en t o n  the b a c k g r o u n d  signal a n d  
matrix composition;
(b) G o o s e n s  [1994] again s h o w e d  the suitability o f  this m e t h o d  using correction 
procedures (ii) a n d  (iii) above, to the determination o f  arsenic in percolate water, 
b y  correcting for 40A r 3 5C l + using 40A r 3 7C l +, a n d  3 5C 1 1 60 +, respectively. T h e  
absence o f  selenium a n d  v a n a d i u m  contributions to the signal at m / z  7 7  a n d  m / z  
51 could b e  verified.
T h e  m a j o r  advantage o f  mathematical correction for spectral interferences is the 
sp ee d a n d  ease o f  application [ D a m s ,  1995], H o w e v e r ,  practical applications o f  the 
m e t h o d  h a v e  s h o w n  that precision a n d  accuracy rapidly decrease as the complexity of 
the mathematical corrections applied to the analysis increases [ D a m s ,  1995].
Lichte [1987] us e d  mathematical corrections to r e m o v e  interference effects but f o u n d  
the technique also p r o d u c e d  s o m e  serious errors, especially w h e n  applied to the 
analysis o f  analytes close to their detection limits. A s  previously stated in section 
3.1.4., the determination o f  selenium in h u m a n  s e r u m  b y  conventional pn e u m a t i c  
nebulisation I C P - M S  is very close to the detection limit. H e nc e, the effectiveness of 
the mathematical technique is limited in this instance.
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G o o s e n s ’ application o f  techniques (ii) a n d  (iii) [Goosens, 1994a] w a s  fraught with 
problems. Firstly, the use o f  40A r 3 7C l + to correct for the interference o f  40A r 3 5Cl + o n  
75A s + w a s  depe nd en t o n  the absence o f  selenium in the sample. T h e  equation could b e  
reversed to allow the use o f  the 40A r 3 5C l + signal to correct for the interference 
40A r 3 7 Cl+ o n  7 7 S e + but the contribution o f  7 5A s + to m / z  7 5  (~ 3 0  p g  F 1 in h u m a n  b l oo d 
s e r u m  [Iyengar, 1978] ) w o u l d  nullify this technique. Seco nd ly the use o f  3 5C 1 1 60 + for 
the correction o f  4 0A r 3 7C l + o n  7 7S e + is d e pe nd en t o n  a g o o d  correlation being 
determined b e t w e e n  the formation o f  the t w o  polyatomics which, in practice, is 
difficult to achieve [ D a m s ,  1995], C o m p a r i s o n  o f  3 5C 1 1 6O h with 40A r 3 5C l + (or 3 7C 1 1 60 + 
with 40A r 3 7Cl+) is speculative as there is n o  theoretical basis for a s s u m i n g  the s a m e  
formation probability.
G o o s e n s  use o f  the A r A r + polyatomic corrections [Goosens, 1994b] is again prone to 
errors because o f  the l o w  natural a b u n d a n c e  o f  38A r  ( 0 .0 6% ) a n d  36A r  (0.34%). T h e  
different m e c h a n i s m s  b y  w h i c h  A r A r + polyatomics a n d  A r C l + polyatomics m a y  b e  
f o r m e d  also presents the possibility for error.
3.4.8. C o o l  p l a s m a s
C o o l  p l as ma s are operated at l o we r forward p o w e r s  (0.6 k W  forward power, coolant 
gas f l o w  rate o f  15 1 m i n ' 1 a n d  1.11 m m ” 1 auxiliary gas f l o w  rate) than conventional 
argon ICPs. C o o l  p l as ma s are g o o d  at eliminating or reducing argon polyatomic 
interferences a n d  offer exceptional detection limits in the sub-ng F 1 range for 
‘difficult’ elements su ch as iron a n d  calcium [Georgitis, 1996]. H o w e v e r  the use o f  
cool pl as ma s is only suitable for ‘clean’ matrices (e.g. semi-conductor industry 
applications) a n d  is not at all suitable for biological matrices, su c h  as, b l o o d  serum.
3.4.9. Alternative gas a n d  m i x e d  gas p l a s m a s
A r g o n  is b y  far the m o s t  c o m m o n  gas us e d  to sustain the ICP. H o w e v e r ,  there has 
b e e n  substantial interest in other gases a n d  the use o f  m i xe d- ga s I C P s  to reduce the
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levels o f  certain polyatomic ions ( n a m e l y  the A r A r + a n d  A r C l +) w h o s e  interferences 
m a k e  selenium determination so problematic. R e d u c t i o n  o f  these w o u l d  allow the use 
o f  7 6S e +, 7 7 S e +, 7 8S e +, 8 0S e + as well as 8 2S e + isotopes for determinations.
O n e  o f  the earliest e x a m p l e s  o f  non-argon pl as ma s w a s  a h e l i u m - I C P  [Montaser, 
1987; Ko pp en aa l, 1988], T h e  greater degree o f  ionisation in a h e l i u m  p l a s m a  for 
elements with a high first ionisation potential (selenium being a g o o d  e x a m p l e )  is 
another advantage over the argon ICP. H e l i u m  has a  higher ionisation potential than 
argon, 24.59 e V  for h e l i u m  c o m p a r e d  to 15.76 e V  for argon. This w o u l d  facilitate the 
ionisation o f  elements, such as selenium, iodine, bromine, chlorine, p h o s ph or us a n d  
sulphur w h i c h  are m o r e  difficult to ionise, a n d  also allows for m o r e  efficient 
ionisation. H o w e v e r ,  the temperature o f  the h e li um -I CP (approximately 2 5 0 0  IC) is 
substantially lo we r than that o f  the ar gon-ICP w h i c h  ca n cause dissociation p r o b l e m s  
[C ha mb er s, 1991].
T h e  resistivity a n d  high thermal conductivity o f  h e l i u m  c o m p a r e d  with argon has 
m a d e  the generation o f  a  stable discharge difficult. This has necessitated the use o f  
m i c r o w a v e  induced-plasmas, or M I P s ,  w h o s e  advantage is the ease with w h i c h  
p l as ma s o f  other gases c a n  b e  formed. B a c k g r o u n d  studies o f  h e l i u m - M I P s  ha v e  
s h o w n  that the m a s s  spec tr um a b o v e  m / z  4 0  is cleaner. H o w e v e r  ar go n contamination 
o f  the gas supply still leads to A r + polyatomic interferences a n d  the presence o f  
krypton leads to higher signals o n  m / z  82 (82ICr natural a b u n d a n c e  11.6%). Thus, the 
use o f  the 8 2S e + isotope is m o r e  problematic. It w a s  also f o u n d  that ions su ch as N + , 
0 +, N 2+, 0 2+, O H +, N H +, a n d  N O + m a y  e v e n  b e  m o r e  a b un da nt in a h e l i u m  I C P  than in 
a n  argon I C P  [ B ro wn , 1988]. This is the result o f  the greater degree o f  ionisation in a 
h e l i u m - I C P  a n d  the greater degree o f  air entrainment that is associated with a  l o w  
p o w e r  a n d  l o w  gas fl o w  M I P s .
T h e  use o f  h e l i u m  p l as ma s requires the use o f  a  smaller orifice in the s a mpling c o n e 
so only the central core o f  the h e l i u m  p l a s m a  is s a m p l e d  a n d  not the surrounding 
plasma. H o w e v e r ,  the smaller orifice in the c o n e  has a  greater te ndency to block. A
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c o m p r o m i s e  o f  a 0.4 m m  s a m p l i n g  orifice w a s  p r op os ed b y  C h a m b e r s  e t a l . [1991] 
w h e r e b y  clogging o f  the orifice a n d  air entrainment w e r e  minimised. Greater p u m p i n g  
rates in the first stage o f  the interface are also n e e d e d  in order to p u m p  he l i u m  
effectively. H e l i u m - I C P s  h a v e  therefore f o u n d  limited application as sources for IC P -  
M S  [Evans, 1993],
M i x e d  gas p l as ma s h a v e  b e e n  investigated b y  a n u m b e r  o f  groups [Durrant, S.F., 
1993]. Nitrogen, [Houk, 1983; Evans, 1 9 8 9  &  1990; L a m ,  1 9 9 0  a  &  b; M c L a r e n ,  
1990; B e a u c h e m i n ,  1991; Branch, 1991; Ford, 1992; Hill, 1992a; Louie, 1992; W a n g ,  
3992; Laborda, 1994; v a n  der Velde-Koerts, 1994; Xiao, 1994] helium, [Sheppard, 
1 9 9 0  &  1991], x e n o n  [Smith, 1991] a n d  h y d r o g e n  [Hutton, 1 9 9 0  a n d  Shibata, N.,
1992] h a v e  all b e e n  investigated.
L a m  a n d  co-workers [1990 a  a n d  b] observed decreases in the formation o f  
polyatomic ions (A rC l+, C 1 0 +, A r O +) a n d  metal oxides w h e n  nitrogen w a s  a d d e d  to 
the outer a n d  central gas supplies to the plasma. T h e y  also s h o w e d  that e n h a n c e m e n t  
o f  analyte signal w a s  achieved wi t h  the addition of 5 %  N 2 to the outer gas. L a m  e l  a l .  
w e n t  o n  to propose that charge transfer b e t w e e n  the N O + a n d  analyte a t o m s  could b e  
the cause o f  the signal en ha nc em en t. Similarly, E v a n s  a n d  E b d o n  [1989 &  1990] 
f o u n d  that introducing 5 %  N 2 into the central channel of the gas supply attenuated the 
A r C l + signal b y  three orders o f  m a g n i t u d e  a n d  substantially re du ce d C 1 C 1 + a n d  A r A r + 
polyatomic interferences. T h e  contribution m a d e  b y  the addition o f  nitrogen in this 
case is unclear as the s a mp le s w e r e  also spiked with 1 0 %  isopropanol. E v a n s  a n d  
E b d o n  w e n t  o n  to propose that competitive formation o f  nitrides a n d  carbides reduced 
the A r + a n d  chloride containing polyatomics. This m e t h o d  w a s  successfully applied to 
the determination o f  arsenic in urine in later w o r k  b y  the s a m e  g r ou p as E v a n s  a n d  
E b d o n  [Branch, 1991].
H o u k  e t  a l . [1983] f o u n d  that the ionisation temperature ( T ion) m e a s u r e d  b y  M S  in the 
axial channel is reduced b y  the presence o f  nitrogen in the outer gas. This m a y  
account for the reduction in polyatomic ion formation w h i c h  requires m o r e  energy for
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ionisation c o m p a r e d  to that o f  at om ic analytes. Similarly, S m i t h  e t  a l . [1991] s h o w e d  
that the introduction o f  x e n o n  h a d  a  c o m p a r a b l e  affect to the addition o f  nitrogen. 
T h e y  considered this the result o f  the lower excitation a n d  ionisation energy o f  x e n o n  
c o m p a r e d  to that o f  argon. Conversely, Shibata e t  a l . [1992] f o u n d  that with the 
introduction o f  h y d r o g e n  into the central channel, polyatomic ions (Ar+, A r H +, N +, 0 + 
a n d  Off") increased in intensity along with the analyte ion intensity. T h e y  w e n t  o n  to 
s h o w  that the presence o f  h y d r o g e n  in the central channel increased both the 
excitation temperature a n d  the electron n u m b e r  density. It also increased the 
concentration a n d  kinetic energy o f  species, su ch as, A r H + a n d  A r +.
In conclusion, E v a n s  [1995] suggests that m e t h o d s  w h i c h  use different gases a n d  m i x  
gases, m a y  f o r m  the basis o f  a  technique for reducing polyatomic ion interferences in 
I C P - M S .  H o w e v e r ,  B r a n c h  e t  a l . [1991] stated that the addition o f  nitrogen to the I C P  
reduced analyte sensitivity w h e n  analysing arsenic, w h i c h  m a d e  the technique 
unsuitable for analysis at trace levels. A s  selenium shares m a n y  o f  the inherent 
analytical pr ob l e m s  in I C P - M S  as arsenic ( A rC l+ interferences, trace concentration 
a n d  p o o r  sensitivity as a  result o f  po o r  ionisation efficiency in the argon plasma) his 
statement m a y  b e  particularly relevant to the analysis o f  selenium in h u m a n  serum.
3.4.10. L o w  pr essure p l a s m a s
E v a n s  [1993] s h o w e d  that a  l o w  pressure argon I C P - M S  effectively re du ce d the 
b a c k g r o u n d  signal w h e n  sustained with a m u c h  lower gas supply a n d  forward power. 
This w a s  f o u n d  to b e  the case for m a n y  o f  the polyatomic interferences. H o w e v e r ,  the 
signals f r o m  40A r 36A r + a n d  4 0A r 3 8A r + polyatomics w e r e  greater than the b a c k g r o u n d  
signal obtained f r o m  the s a m e  instrument operated with a n  atmospheric argon plasma. 
Fo r  this reason, the technique w a s  less suited to the determination o f  selenium using 
the 7 6S e + a n d  7 8S e + isotopes.
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3.4.11. Besolvation
Desolvation o f  the s a m p l e  aerosol, via a  cooled spray ch am b e r ,  has b e e n  s h o w n  to 
provide a n  extremely simple a n d  effective w a y  o f  r e m o v i n g  oxide a n d  hydroxide 
interferences in I C P - M S  [Hutton, 1987; Zh u ,  1988]. Further i m p r o v e m e n t s  in 
reducing these polyatomics c a n  b e  achieved b y  the use o f  Peltier-effect coolers [Weir, 
1990], m e m b r a n e  interfaces [Gustavsson, 1990; M c L a r e n ,  1990], heater/condensers 
[ L am , 1990b; Tsukahara, 1 9 9 0 a  a n d  Jakubowski, 19 9 2  a  8c b] a n d  ciyogenic 
desolvation [Alves, 1993].
T h e  benefits o f  desolvation for the r e m o v a l  o f  A r A r + a n d  A r C l + interferences (and its 
subsequent use for the determination o f  selenium) has b e c o m e  the subject o f  m u c h  
debate. H u tt on a n d  E a t o n  [1987] reported a decrease in the level o f  A r 2+ ions. 
J a k u b o w s k i  et a l  [1 99 2a a n d  1992b] reported a n  increase in ions, such as, A r 2+ a n d  
A r N +. This discrepancy could b e  explained b y  the different types o f  m a c h i n e  us ed a n d  
the different instrumental operating conditions: H u t t o n  a n d  E a t o n  us e d  a 2 7  M H z  I C P  
whilst J a k u b o w s k i  e t a l . us ed a 4 0  M H z  I C P  with varying nebuliser f l o w  rates.
A l ve s e l  a l . [1993] f o u n d  that cryogenic desolvation attenuated A r C l + polyatomics to 
‘m a n a g e a b l e  levels’, w h i c h  al lo we d for the accurate determination of arsenic in both 
seawater a n d  urine reference materials.
3.4.12. T h e r m a l  vaporisation
T h e r e  are essentially t w o  m e t h o d s  o f  s a m p l e  introduction via thermal vaporisation: 
electrothermal vaporisation, k n o w n  as E T V - I C P - M S  [Park, 1 9 8 7 b  a n d  1988; 
Gregorie, 19 8 8  a n d  1990; Hall, 1988; Darke, 1989; N e w m a n ,  1989; Osborne, 1990; 
Shen, 1990; Tsukahara, 1990b; Carey, 1991; Evans, 1991; H u l m s t o n ,  1991; Shibata, 
1991; Ediger, 1992] a n d  direct s a m p l e  insertion (DSI) [ B o o m e r ,  1986; Blain, 1989; 
Karanassios, 1 9 8 9  a, b  a n d  c]. B o t h  m e t h o d s  reduce the solvent loading of the p l a s m a  
a n d  h e n c e  A r O + a n d  A r O H Y  interferences are reduced.
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T h e s e  techniques i m p r o v e  the transport efficiency o f  the s a m p l e  a n d  h e n c e  m o r e  
s a m p l e  matrix reaches the plasma. Since the s a m p l e  m a y  contain precursors for 
interferences (e.g. Cf), a n  increase in certain interferences m a y  result. This is 
especially true if a  ch emical modifier is us ed [Park, 1987; Gregorie, 1988; Hall, 
1988].
A s  is the case with E T A - A A S ,  pre-atomisation losses occur in E T A - I C P - M S  a n d  this 
is a particularly acute p r o b l e m  w h e n  determining selenium concentrations (see 
Chapter 2).
3.4.13. L a s e r  o r  ar c  ablation
T h e  m e t h o d  o f  s a m p l e  introduction b y  m e a n s  o f  laser or arc ablation has considerable 
potential for trace el em en t analysis. W h e n  co up le d with I C P - M S ,  it offers rapid semi- 
quantitative analysis. T h e  subject area is well r e vi ew ed b y  D e n o y e r  et a l . [1991].
Literature dealing with interferences w h e n  using laser or arc ablation tend to 
concentrate o n  the benefits o f  a  dry plasma, as in E T V - I C P - M S ,  a n d  not o n  the 
influence o f  matrix-induced polyatomic ion interferences. Despite the reduction o f 
s o m e  interferences, the use o f  laser ablation I C P - M S  for routine quantitative analysis 
is s o m e  w a y  off. T h e  m a j o r  disadvantages o f  the technique are:
(i) the s a m p l e  has to b e  in a solid form;
(ii) the scarcity o f  suitable solid reference materials to use as standards;
(iii) the necessity for ma tr ix -m at ch ed standards a n d  samples.
L A - I C P - M S  suffers f r o m  the difficulties o f  i m p l e m e n t i n g  standard preparation, 
calibration, internal standardisation a n d  isotope dilution. Dissolution allows the use o f  
all these beneficial procedures [Arrowsmith, 1987].
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3.4.14. Hydride generation
H y d r i d e  generation ( H G )  will b e  discussed in far greater detail later in this chapter 
a n d  in C h ap te r 4. T h e  advantage o f  using H G  as a m e t h o d  o f  s a m p l e  introduction in 
I C P - M S ,  apart f r o m  a significant e n h a n c e m e n t  in sensitivity, is that the technique 
provides chemical separation o f  the selenium f o r m  the s a m p l e  matrix. This reduces 
spectroscopic a n d  non-spectroscopic interferences [Powell, 1986; R a y m a n ,  1996].
H o w e v e r ,  H G  suffers f r o m  o n e  m a j o r  disadvantage. S a m p l e  dissolution m u s t  leave all 
the selenium in its S e IV state for the conversion to h y d r o g e n  selenide to take place. 
S u c h  a vigorous reduction procedure m a y  lead to the loss o f  volatile selenium 
c o m p o u n d s  [Welz, 1 9 8 4  a &  b; Quijano, 1995; R a y m a n ,  1996]. If careful attention is 
not given to the often severe a n d  complicated chemical interferences in H G ,  then 
serious determination errors ca n  b e  encountered w h e n  analysing selenium 
concentrations [Zhang, 1996].
H G - I C P - M S  reduces the n u m b e r  o f  elements that can b e  d e termined simultaneously. 
This m e a n s  that multi-element a n d  speciation capabilities cannot b e  used. In addition, 
the high s a m p l e  c o n s u m p t i o n  rate o f  hydride generation (~ 15 m l  m i n " 1) requires the 
s a m p l e  to b e  diluted after acid digestion a n d  this tends to reduce the benefits o f  
increased sensitivity [Powell, 1986].
3.4.15. H i g h  resolution m a s s  s p e c t r o m e t r y
T h e  use o f  twin quadrupole m a s s  analysers provides sufficient resolution to separate 
5 1 V + f r o m  1 60 3 5C r ,  a n d  5 6F e + f r o m  4 0A r i6O + [Bradshaw, 1989]. If signal response 
remains the same, the use o f  twin quadrupoles also i m pr ov es detection limits b y  
reducing noise b y  1 - 2  orders o f  magnitude.
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H i g h  resolution m a s s  spectrometry w o u l d  b e  able to resolve the selenium isotopes 
f r o m  their overlapping interferents but this technology reduces sensitivity a n d  is 
extremely expensive [Cochran, 1996],
3.4.16. O n -l in e separation m e t h o d s
S o m e t i m e s  it m a y  b e  necessary to separate the analyte f r o m  the matrix. A n  e x a m p l e  is 
the separation o f  analyte f r o m  the C f  containing matrix in biological or ma r i n e  
samples.
L y o n  a n d  co-workers f o u n d  that they could reduce the C L  interference b y  precipitating 
with silver [Lyon, 1988a]. This r e m o v e d  s o m e  o f  the C L  a n d  h e n c e  lowered the 
contribution o f  A r C l + polyatomic signal to m / z  75 a n d  77. O t he r workers us e d  a 
similar technique but precipitated the analytes instead o f  the interferent [Ting, 1987]. 
Precipitation m e t h o d s  are pr on e to co-precipitation o f  trace analytes with the matrix.
Solvent extraction has also b e e n  us e d  to separate particular analytes f r o m  the rest o f  
the matrix. Solvent extraction m e t h o d s  w e r e  popular with f l am e at om ic absorption 
spectrometry a n d  I C P - A E S  but care should b e  given to the purity o f  a n y  reagents used 
in the procedure.
B o t h  precipitation a n d  solvent extraction present a n  effective w a y  to r e m o v e  analytes 
or the precursors o f  interferences. H o w e v e r ,  these suffer f r o m  the following problems:
(i) they are both batch techniques w h i c h  are s l o w  a n d  laborious;
(ii) there is the possibility o f  far higher blank signals d u e  to the presence of 
impurities within the solvent or c o m p l e x i n g  agent used.
T h e  increasing popularity o f  ion-exchange a n d  on-line separation techniques h a v e  
re du ce d the popularity o f  solvent extraction methods. H o w e v e r ,  a resurgence in the 
popularity o f  extraction m e t h o d s  will undoubtedly occur in parallel with the 
increasing interest in speciation studies in w h i c h  the original f o r m  o f  the
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organometallic c o m p l e x  c a n  only b e  maintained b y  using the correct solvent 
extraction procedure.
Various workers h a v e  ad op te d chromatographic techniques (reviewed b y  Hill [1993] ) 
[Sheppard, 1990; Story, 1992], chelating resin or ion e x c h a n g e  [Goosens, 1993; 
E b d o n ,  1994b; K o ,  1996] m e t h o d s  for on-line separation o f  the analyte or matrix 
removal. T h e s e  techniques h a v e  led, in s o m e  cases, to studies o f  selenium a n d  arsenic 
species in samples. D a m s  e t  a l . [1995] in their appraisal o f  anion e x c h a n g e  for the 
r e m o v a l  o f  spectral interferences observed po o r  recovery o f  selenium using the 
technique.
L y o n  et. a l . [1988b] presented a technique o f  de-salting s e r u m  sa mp le s using 
chromatographic separation o f  chloride ( S e p h a d e x  G - 2 5 M ,  p r ep ac ke d P D - 1 0  
co lumns, Pharmacia). This m a d e  it possible to m e a s u r e  the selenium content
77 +  40 37 +
accurately, using the S e  isotope, without A r  CI interference. O t he r elements 
analysed suffered f r o m  po o r  recoveries, su ch as C u  ( c a . 7 0 % )  a n d  Z n  ( < 70 %) . T h e  
technique also suffered f r o m  p o o r  a g r e e m e n t  b e t w e e n  7 6S e +, 7 7 S e + a n d  8 2S e + isotope 
me as ur em en ts , a matter o f  s o m e  concern. Similarly, Plantz e t  a l. [1989] used 
bis(carboxymethyl) dithiocarbamate to c o m p l e x  v a n a d i u m ,  c h r o m i u m ,  cobalt, 
m o l y b d e n u m ,  platinum, m e r c u r y  a n d  b i s m u t h  in samples with a  high salt content. T h e  
c o m p l e x e s  w e r e  adsorbed onto a  polystyrene-divinylbenzene resin c o l u m n  un de r acid 
conditions a n d  r e m o v e d  with a  basic eluent prior to analysis b y  inductively coupled 
p l a s m a  m a s s  spectrometry. Unfortunately, n o  m e n t i o n  o f  selenium w a s  m a d e  in the 
work.
S h e p p a r d  [1990] us ed ion c h r o m a t o g r a p h y  with I C P - M S  to analyse urine s a mp le s for 
species o f  As. This technique w a s  s h o w n  effectively to eliminate the argon chloride 
interference as chloride is separated f r o m  the A s  species. It w a s  also established that, 
because o f  the use of a q u e o u s  m o b i l e  phases with l o w  concentration o f  buffer salts, 
the technique also o v e r c a m e  s o m e  o f  the pr ob l e m s  encountered with other liquid 
chromatographic coupling methods: these included organic solvents destabilising the
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p l a s m a  a n d  the deposition o f  salts f r o m  buffers o n  sa mpling apertures. Disadvantages 
o f  ion c h r o m a t o g r a p h y  include p o o r  detection limits d u e  to a necessary dilution o f  the 
sample.
3.4.17. O r g a n i c  addition
T h e  presence o f  organics in the p l a s m a  has b e e n  reported to e n h a n c e  the signal for 
various elements and/or reduce polyatomic interferences [Allain, 1991; Hill, 1992b; 
G o osens, 1993; E b d o n ,  1994; Larsen, 1994; Platzner, 1994; Delves, 1997].
Allain e l  a l . [1991] observed signal e n h a n c e m e n t  d u e  to the presence o f  carbon- 
containing c o m p o u n d s ,  leading to increases in selenium signals o f  over 3 0 0 %  ( 4 %  v/v 
m e t h a n e )  a n d  arsenic o f  2 4 0 %  (1 m o l  f 1 glycerol). It w a s  also pr o v e d  that the 
e n h a n c e m e n t  o f  the signal with the addition o f  an organic w a s  not d u e  to variations in 
nebuliser efficiency but, to a  c h a n g e  in the ion formation within the plasma. This w a s  
achieved b y  adding m e t h a n e  to the carrier gas. Larsen a n d  Stiirup [1994] h o we ve r, 
demonstrated that ~  1 0 %  o f  the observed increase in sensitivity w a s  d u e  to i m p r o v e d  
analyte transport or nebulisation efficiency. This i m p r o v e m e n t  in efficiency w a s  
attributed to surfactant effects a n d  verified b y  similar findings w h e n  using Triton X -  
100. T h e  e n h a n c e m e n t  o f  the signal could not b e  applied to the use o f  a m m o n i u m  
carbonate d u e  to its lack o f  surfactant properties. Hill e l. a l  [1992b] also a d d e d  
m e t h a n e  to the nebuliser gas to r e m o v e  A r C l + interferences w h e n  determining arsenic 
a n d  selenium in sa mp le s with a  high chloride content.
Platzner [1994] reported that b y  m i x i n g  2 m l  m i n . " 1 trifluoromethane ( C H F 3) to the 
carrier gas (flow rate 0.7-0.9 1 min."1) a reduction in the blank at m / z  7 8  w a s  observed 
whilst n o  reduction w a s  observed (as h a d  b e e n  expected) at m / z  82. This w a s  
consistent with the as su mp ti on that a competitive reaction takes place as C H F 3 reacts 
with the argon p l a s m a  gas. It w a s  also observed that a  10 0 p g  I' 1 standard solution (in 
1 %  v/v H N 0 3) s h o w e d  a relative e n h a n c e m e n t  o f  the observed signal o f  10.8 for 7 8S e + 
a n d  2.7 for 8 2S e +. T h u s  Platzner c o nc lu de d that the addition o f  C H F 3 to the carrier gas
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solved the interference p r o b l e m  w h e n  quantitatively determining selenium with the 
7 8S e + isotope (the s e c o n d  m o s t  naturally abundant, 23.6%).
Larsen a n d  Sturup [1994] demonstrated a 3.5-4.5 signal e n h a n c e m e n t  for selenium 
a n d  arsenic with the addition o f  3 %  v/v methanol. Simultaneously, the signal d u e  to 
the polyatomic A r C l + interferences at m / z  7 5  a n d  7 7  w a s  r e du ce d to 6 0 %  o f  its 
original value. T h e  addition o f  a m m o n i u m  carbonate s h o w e d  a  similar increase in 
sensitivity but resulted in ‘severe contamination 5 o f  the instrument, leading to po or 
reproducibility o f  the analyte signal.
Hill a n d  co-workers [1992] demonstrated the suppression or c o m p l e t e  r e m o v a l  o f  the 
effects o f  interfering, chloride-containing polyatomic ions o n  selenium, arsenic a n d  
v a na di um . T h e y  achieved this b y  ad di ng m e t h a n e  to the nebuliser gas in conjunction 
with instrumental optimisation for interference removal. This m e t h o d  w a s  
successfully applied to the accurate determination o f  selenium a n d  arsenic in certified 
reference materials that contain a high salt content e.g. seawater, urine a n d  oyster 
tissue.
Olivas e t a l . [1995] demonstrated a  10-fold signal en h a n c e m e n t ,  with 6 %  m e t h a n o l  
addition, o f  the signal response for selenium using fl ow injection-hydride generation- 
inductively coupled p l a s m a  m a s s  spectrometry ( F I - H G - I C P - M S ) .
A  conclusive explanation for the signal e n h a n c e m e n t  o f  selenium a n d  arsenic cannot 
yet b e  given. H o w e v e r  volatilisation effects offer a plausible explanation as similar 
behaviour m a y  b e  observed with m e r c u r y  in 1 %  v/v ethanol [Goosens].
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It w a s  s h o w n  that w h e n  using simplex optimisation for the o p t i m u m  r e m o v a l  o f  A r C l  
( w h e n  adding 0 . 2 3 %  v/v ethene), a higher nebuliser gas f l o w  rate w a s  n e e d e d  along 
with a greater forward p o w e r  ( 1 5 7 0  W )  [Ebdon, 1994]. T h e s e  findings differ f r o m  
those o f  E b d o n 5 s previous w o r k  w h e r e  interference r e m o v a l  (using nitrogen a n d  
m e t h a n e )  w a s  i m p r o v e d  b y  lower forward p o w e r  a n d  increased nebuliser gas fl o w  for
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the r e m o v a l  o f  A r O +. A s  previously mentioned, E v a n s  a n d  E b d o n  [1990 &  1994] 
p r op os ed that the formation o f  competitive carbides m a y  b e  the cause o f  the reduction 
in formation of interfering polyatomic ions su ch as A r C l +.
3.5. Instrumentation in this w ork
A  detailed description o f  the I C P - M S  u s e d  in this w o r k  will n o w  b e  given, followed 
b y  a  description o f  the various m e t h o d s  o f  s a m p l e  introduction utilised.
3.5.1. T h e  I C P - M S
T h e  I C P  m a s s  spectrometer u s e d  throughout this w o r k  w a s  a  S O L A  I C P - M S ,  
ma n u f a c t u r e d  b y  Finnigan M A T  o f  H e m e l  H e m p s t e a d ,  Hertfordshire, England. T h e  
original m a c h i n e  w a s  designed a n d  built b y  Patrick T u rn er o f  Tu rn er Scientific a n d  is 
therefore s o m e t i m e s  k n o w n  as a  T S  S O L A .
T h e  S O L A  instrument differs f r o m  other I C P - M S  instruments in a n u m b e r  o f  ways. 
T h e  m a j o r  differences m a y  b e  listed as follows:
(i) the samp li ng interface o f  the S O L A  contains a third c o n e  be hi nd the sa mpling a n d  
s k i m m e r  cones. This third c o n e  is k n o w n  as the accelerator cone. T h e  accelerator 
c o n e  derives its n a m e  f r o m  the fact that it has a n  applied voltage (~2 K e V )  w h i c h  
has the effect o f  accelerating the positive ions a n d  thus increasing their m e a n  ion 
energy. This in turn results in a far better transmission a n d  focusing o f  the ions 
that pass through the accelerator cone, w h i c h  in turn leads to i m p r o v e d  sensitivity. 
T h e  accelerator c o n e  also acts as another differential p u m p i n g  aperture b e t w e e n  
the intermediate v a c u u m  system a n d  the high v a c u u m  section o f  the instrument 
that houses the quadrupole (Figures 3.5.1.1. a n d  3.5.1.2.)
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P h a s e  Match F o c u s  Acce lerator  Cone Skim m er Cone
I I 1
Analyser Turbo Intermediate Rotary
Turbo Pump
Figure 3.5.1.1. Interface system o n  the S O L A  I C P - M S  [Finnigan M A T ,  1993],
(ii) d u e  to the presence o f  a third c o n e  the v a c u u m  layout o n  the S O L A  I C P - M S  is 
slightly different (Figure 3.5.1.2.). A  mechanical rotary p u m p  is used for the 
first stage. T h e  bulk o f  the extracted gas is r e m o v e d  here. In the s e c o n d  stage,
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w h i c h  houses the ion lens, the pressure is reduced to approximately 1 0  mbar. 
Virtually all this gas c o m e s  f r o m  the p l a s m a  through the skimmer. T h e  third
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stage pressure is reduced to approximately 4 x 1 0  mbar;
Collector Penning Analyser Pirani Intermediate Piranl
Rotary pump
Figure 3.5.1.2. T h e  v a c u u m  layout o n  the S O L A  I C P - M S  [Finnigan M A T ,  1993]
(iii) the ion b e a m  e m e r g i n g  f r o m  the quadrupole in the S O L A  can be m e a s u r e d  using 
a pulse-counting electron multiplier ( C E M )  or a D C  Faraday cup. T h e  choice of
collector depends on the magnitude of the ion beam to be measured. The appropriate 
detector is selected electronically by deflecting the ion beam onto either the electron 
multiplier or the Faraday plate (Figure 3.5.1.3.). The advantage of this system is that 
the ICP-MS then has a wider linear dynamic range of 8 orders of magnitude. The 
electron multiplier covers the ion intensity range of 1 - 106 ions sec.'1 and the Faraday 
cup detector covers the range 106 - 5 x 1 0 s ions sec.'1. The machine also has a 
computer-controlled detector protection system. This system switches between the 
two detectors depending on the magnitude of the ion beam. As previously mentioned 
the electron multiplier can easily be degraded by high ion counts (> 106 sec.'1). For 
this reason the CEM detector has a device incorporated within its control circuitry 
which will remove the ion beam from the collector if the level goes above 2x106 
counts per second. Hence, detector life and efficiency are increased [Finnigan MAT,
1993]
A m p l i t i c r  and d i s c r im in a to r  
lor  io n c ou nt in g
Figure 3.5.1.3. The collector system on the SOLA ICP-MS [Finnigan MAT, 1993],
(iv) in the SOLA instrument the entrance to the quadrupole mass analyser is offset 
from the line-of-sight through the sampler and skimmer. This configuration is
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a n  effective system for m i ni mi si ng the b a c k g r o u n d  signal ca us ed b y  spurious 
photonic discharge. It has b e e n  stated that the use o f  a n  off-axis quadrupole 
m a s s  spectrometer is a  m o r e  efficacious system than the e m p l o y m e n t  o f  a 
central disc or p h o t o n  stop in the reduction o f  spurious photonic discharge 
[Jarvis, 1992].
3.5.2. S a m p l e  introduction m e t h o d s  e m p l o y e d  in this w o r k
A s  previously mentioned, the m e t h o d  b y  w h i c h  samples are introduced into the I C P  is 
o f  fundamental importance to the w h o l e  technique. A n  o v e r v i e w  o f  the m e t h o d s  o f 
s a m p l e  introduction to the I C P  are given b e l o w  for p n e u m a t i c  nebulisers, ultrasonic 
nebulisers a n d  hydride generation systems.
P n e u m a t i c  n e b u l i s e r s
T h e  Me i n h a r d t  nebuliser is a simple device w h i c h  produces a fine aerosol w h e n  a 
s a m p l e  solution s a m p l e  solution is p u m p e d  into the central tube o f  the nebuliser a n d  
into a stream o f  high pressure gas that f o rm s the aerosol. This type o f  nebuliser is 
inherently inefficient in terms o f  analyte transport (~ 2 % )  a n d  is easily blocked b y  
particulate matter f r o m  the s a m p l e  matrix.
In an attempt to counter the p r o b l e m  o f  solids blocking the nebuliser, the V - g r o o v e  or 
high solids nebuliser w a s  d e ve lo pe d (Figure 3.5.2.1.). T h e  principles o f  aerosol 
formation re m a i n  the s a m e  as in the Meinhardt, but the V - g r o o v e  nebuliser is far less 
prone to blockage. H o w e v e r ,  the V - g r o o v e  nebuliser is e v e n  less efficient at analyte 
transport than the M e i n h a r d t  nebuliser.
F o r  the purposes o f  this wo rk , the S O L A  w a s  eq ui p p e d  with a  high solids (V-groove) 
nebuliser a n d  a  double-pass Scott-type spray chamber. T h e  spray c h a m b e r  w a s  water 
cooled to 2 ° C  b y  a refrigerated chiller. Instrumental parameters are listed b e l o w  a n d  
vary little b e t w e e n  experiments. Solution w a s  introduced via a peristaltic p u m p
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(M312, Gilson Minipuls, Middleton, WI, USA.) at a flow rate of 1 ml min"1 into the 
high solids nebuliser.
Figure 3.5.2.1. A high solids nebuliser.
Ultrasonic nebuliser (USN)
The ultrasonic nebuliser has an efficiency of up to 50% (measured as % of the analyte 
transported from solution to the ICP). Various workers have investigated its use in 
atomic absorption spectrometry [Issaq, 1975] and ICP-AES [Olson, 1977],
The droplets produced are of greater number density and vary less in size than the 
Meinhardt or V-groove nebulisers. Their mean size is less than 10pm (Figure 3.5.2.2. 
below). The characteristics of the droplets formed are very suitable for use in ICP-MS.
Figures 3.5.2.2.a and b Scanning electron microscope (SEM) photomicrographs of 
desolvated aerosol particles collected on 0.4pm pore size Nucleopore filters [Olson, 
1977],
a) Ultrasonic nebuliser; 2 min. collection period;
b) Pneumatic nebuliser; 2 min. collection period
The principles of operation of the ultrasonic nebuliser are quite simple. The sample 
solution is continuously fed onto the surface of a transducer by a peristaltic pump. The 
piezoelectric transducer is coupled to an oscillator operated under RF frequency. The 
liquid sample stream is broken up into very fine droplets with high efficiency by this 
ultrasonic nebulising process.
The rate of aerosol production of an ultrasonic nebuliser is generally ten times better 
than that of the pneumatic nebulisers [Nham, Varian, Australia]. However, because of 
the high efficiency of this process, it is necessary to remove some of the liquid from 
the aerosol (to lower signal suppression from the solvent and prevent plasma 
overloading) before it is introduced into the plasma. This is achieved using a 
desolvation chamber. The overall result of improved analyte transport efficiency is an 
improvement in detection limits by one order of magnitude, or better [Nham, Varian, 
Australia].
T h e  production o f  the aerosol in the U S N  is electrically driven a n d  hence, the rate o f  
production does not d e p e n d  o n  the carrier-gas fl ow as it does in pn e u m a t i c  nebulisers. 
Thus, the aerosol production rate a n d  the carrier-gas flow rate m a y  b e  varied 
independently to optimise analytical performance.
Figure 3.5.2.3. Sche ma ti c o f  the ultrasonic nebuliser us e d  for this w o r k  [Cetac, 
technical literature].
T h e  m a i n  advantage o f  U S N  is its ability to achieve lo we r detection limits with this 
f o r m  o f  s a m p l e  introduction. B r en ne r e l  a l . [1992] achieved detection limits that w e r e  
a n  order o f  m a gn it ud e better c o m p a r e d  to conventional p n e u m a t i c  nebulisation w h e n  
coupling the m e t h o d  to I C P - A E S .  U c h i d a  et al [1993] also coupled an U S N  to IC P -  
A E S  a n d  found that the i m p r o v e m e n t  in detection limits w a s  strongly de p e n d e n t  o n  
the element under investigation but f o u n d  a n  average o f  1 2 %  impr ov em en t.
T h e  m a i n  disadvantages o f  the U S N  w h e n  coupled to I C P - M S  are:
(i) it is sensitive to high salt a n d  acid concentrations in the sample; the acid 
concentration m u s t  b e  kept b e l o w  1 0 %  a n d  the N a C l  content b e l o w  5 %  
[Clement, 1994];
(ii) d u e  the U S N ’s high nebulisation efficiency, the aerosol cools the central core 
o f  the p l a s m a  w h i c h  leads to a degradation of the p e rf or ma nc e o f  the I C P
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[ B o u m a n s ,  1975]. Fassel e t  a l . [1986] o v e r c a m e  the p r o b l e m  o f  p l a s m a  
overloading b y  desolvating the aerosol prior to introduction to the plasma. 
H o w e v e r ,  this produces another p r o b l e m  in the f o r m  o f  transport interference 
effects, d u e  to differences b e t w e e n  the standard a n d  s a m p l e  matrices;
(iii) the cost a n d  complexity o f  the U S N  far exceeds that o f  a  conventional 
nebuliser.
H y d r i d e  g e n e r a t i o n
T h e  v a p o u r  generation m e t h o d  increases the sensitivity o f  A A S ,  I C P - A E S  a n d  ICP- 
M S  techniques for the analysis o f  selenium a n d  the other hydride f o rm in g elements 
(As, Bi, Sb, Sn, Te, P b  a n d  Hg). T h e  v a p o u r  generation o f  the volatile hydrides not 
only pre-concentrates the analyte o f  interest but separates it f r o m  the s a m p l e  matrix.
S o d i u m  tetrahydroborate ( N a B H 4) is u s e d  as the reducing agent in this H G  system as 
it has the following benefits:
(i) the time required to co mp l e t e  reduction is fast, -  3 0  seconds;
(ii) the reagent itself is relatively c h e a p  a n d  easy to handle. N a B H 4 ca n  b e  
a d d e d  as a solution (normally stabilised with the addition o f  N a O H ) ;
(iii) all eight hydride f o r m i n g  elements ca n  b e  reduced to their respective 
hydrides;
U n d e r  acidic conditions, p r o d u c e d  b y  ad di ng H C I ,  the following reaction takes place:
En+
N a B H „  +  3 H 20  +  H C I  - 8- H 3B 0 4 +  N a C l  +  8 H 4  - »  E H „  +  x H 2 (Equation 3.5.2.4.) 
w h e r e  E  is the hydride-forming e l em en t (Se), a n d  x  =  V z  (8 -n)
A  G B C  H G 3 0 0 0  automatic hydride generation system ( G B C  Scientific E q u i p m e n t  Pty 
Ltd, Victoria, Australia, or 13 Frederick S a ng er R o a d ,  Guildford, E n g l a n d )  w a s  u s ed 
for this work. Certain modifications w e r e  m a d e  to the gas-liquid separator a n d  drain 
tube a n d  these are detailed in section 4.1.3.
1 1 7
Figure 3.5.2.5 a. T h e  G B C  FI G  3 0 0 0  hydride generating sy st em [ G B C ] ,  front view.
Figure 3.5.2.5. b  T h e  G B C  H G  3 0 0 0  hydride generating s y st em [ G B C ] ,  rear view. 
L e g e n d  (for figures 3.5.2.5 a a n d  3.5.2.5. b. )
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1 acid reagent bottle 15 m i x e r  block
2 borohydride reagent bottle 16 reaction loop adapter
3 acid inlet capillary 17 reaction loop
4 borohydride inlet capillary 18 drain m o u n t  block
5 s a m p l e  inlet capillary 19 drain tube
6 p u m p  tube m o u n t i n g  block 2 0 inert gas on/off valve
7 peristaltic p u m p  h e a d 2 1 p m n p  on/off switch
8 a p u m p  tube c l a m p s 2 2 m o u n t i n g  w i n g
8 b p u m p  tube c l a m p  quick release k n o b 23 gas liquid separator
9 acid p u m p  tube 2 4 separator c l a m p
1 0 borohydride p u m p  tube 2 5 separator ca p
1 1 s a m p l e  inlet tube 2 6 inert gas capillary
1 2 acid interconnecting capillary 2 7 hydride delivery tube
13 borohydride interconnecting capillary 2 8 m i x e r  block ferrule
14 s a m p l e  interconnecting capillary
3.5.3. Optimisation! of the S O L A  I C P - M S  instrument; pr e l i m i n a r y 
investigations.
A  range of instrumental parameters w e r e  investigated to assess their effect o n  the 
analysis o f  selenium. T h e y  included s a m p l e  delivery rate, spray c h a m b e r  temperature, 
instrumental dwell time, a n d  forward p o w e r  to the plasma. T h e  parameters o f  forward 
p o w e r  a n d  nebuliser fl o w  rate ( N F R )  w e r e  investigated at the s a m e  time.
C h e m i c a l s  a n d  l a b o r a t o r y  w a r e
T h r o u g h o u t  this work, either a  10, 5 0  or 10 0  p g  F 1 solution o f  selenium in 1 %  (v/v) 
H N 0 3 (Aristar grade, 6 9 %  m / m )  w a s  used. T h e  selenium standard w a s  m a d e  f r o m  a 
1 0 0 0  p g  m l " 1 stock standard solution o f  selenous acid, B D H  Spectrosol Limited 
(Hampshire, Engl an d) a n d  prepared daily to ensure freshness. D o u b l e  distilled 
deionised water ( D D W ) ,  u s e d  throughout the elemental analysis, w a s  obtained f r o m
a n  Elgastat U H Q  water purification system with a resistivity o f  18 M O  c m  \  All 
standards w e r e  m a d e  a n d  stored in plastic containers that w e r e  pre-rinsed with 
deionised water (3 times) a n d  s o a k e d  for >  10 hours in 1 0 %  H N 0 3.
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T h e  reagents u s ed for the H G  studies included those already m e n t i o n e d  for V G N  a n d  
U S N  work, as well as hydrochloric acid ( 3 5 %  m / m ,  Aristar quality, M e r c k ,  Poole, 
Dorset, U K )  s o d i u m  hydroxide pellets (Analytical reagent grade, Fisons Scientific 
E q u i p m e n t ,  L o u g h b o r o u g h  U K )  a n d  s o d i u m  tetrahydroborate pellets, N a B F f t  ( 9 8 %  
m / m ,  Aldrich Chemicals, Gillingham, Dorset, U K ) .
Standard solutions o f  5 0  or 10 0  p g  I' 1 selenium in 1 %  v/v H N 0 3 w e r e  us e d  for m o s t  o f  
the initial optimisation studies. This ensured a large e n o u g h  signal w a s  generated to 
help identify an y  significant differences in signal response as parameters w e r e  altered. 
In Ch ap te r 4  the use o f  a 10 p g  I" 1 selenium standard (in 1 %  v/v H N 0 3) will b e 
discussed; this w a s  us e d  be ca us e it is analogous to the concentration o f  selenium 
f o u n d  in a 10 fold diluted s e r u m  sample. This a s s u m e s  a m e a n  selenium concentration 
in h u m a n  s e r u m  to b e  80 -1 20 p g  F 1 [Iyengar, 1978],
I C P - M S  o p e r a t in g  c o n d i t i o n s
T h e  V - g r o o v e  high solids nebuliser a n d  spray c h a m b e r  w e r e  used as the m e t h o d  of 
s a m p l e  introduction for these preliminary experiments. T h e  decision to use the V -  
groove nebuliser w a s  b a s e d  o n  the fact that the Me i n h a r d t  nebuliser blocks m o r e  
easily. O n l y  a f e w  small particles in the s a m p l e  solution will block the fine glass 
capillary in the nebuliser. This is a n  unacceptable situation w h e n  dealing with 
digested a n d  diluted s e r u m  samples. S a m p l e  delivery to the nebuliser w a s  achieved b y  
the use o f  a peristaltic p u m p  (Gilson Minipuls). T h e  s a mp li ng depth (the distance 
b e t w e e n  the load coil a n d  samp li ng cone) w a s  set at 14 m m  for all the w o r k  as this 
w a s  f o u n d  to b e  the o p t i m u m  depth for the analysis o f  selenium.
T h e  operating conditions for the mach in e, us e d  throughout the optimisation studies, 
w e r e  as follows:
I C P  system:- 
Para me te r
C o ol an t gas fl o w  rate
1 2 0
Setting 
15.0 1 m i n . ' 1
Carrier gas fl o w  rate 
Nebuliser gas f l o w  rate 
F o r w a r d  p o w e r  
Reflected p o w e r  
Sp ra y c h a m b e r  temperature 
C o o l i n g  water temperature
1 . 0  min.'
0.60 - 1.20 1 m i n . ' 1 (0.05 1 m i n ' 3 increments)
1.1 -1.6 k W  
0 -  15 W
2.0°C (2-20°C for spray c h a m b e r  temperature study) 
12 ° C
Interface a n d  m a s s  spectrometer:-
Nickel sa mpling c o n e  
Nickel s k i m m e r  c o n e  
Nickel accelerator c o n e  
1 st stage pressure 
2 n d  stage pressure 
3rd stage pressure
1 . 0  m m  orifice 
0 . 8  m m  orifice 
0 . 8  m m  orifice 
-2.7 m b a r  
- 2  x  1 0 ' 3 m b a r  
-3.9 x  10 ' 5 m b a r
S c a n  parameters:-
Para me te r Setting
D w e l l  time (per channel) 2  m s
C h a n n e l s  per a m u  8
S w e e p s  per scan 10 0
Scans per s a m p l e  3
Calibration o f  the m a s s  range for the S O L A  w a s  achieved using a 10 p g  F 1 standard 
solution in 1 %  (v/v) H N 0 3 containing beryllium, i n d i u m  a n d  lead. T h e  c o m p u t e r  
software used with the instrument contains a  p r o g r a m m e  that effectively recalibrates 
the m a s s  range using a selection o f  masses. T h e  selection o f  elements for calibration 
purposes should conveniently cover as large a  m a s s  range as possible, in this case 9Be, 
115In a n d  208Pb.
Prior to each days study, the ion optics w e r e  finely tuned using a 10 p g  F 1 selenium 
standard a n d  the 8 2S e + isotope. O n c e  this h a d  b e e n  completed, study o f  the other
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instrumental parameters could begin. This optimisation approach falls into line with 
that r e c o m m e n d e d  b y  Horlick et a l . [1985],
Sample delivery rate
T h e  s a m p l e  delivery rate w a s  varied b y  chan gi ng the speed o f  the peristaltic p u m p  that 
supplies s a m p l e  solution to the V - g r o o v e  nebuliser ( V G N ) .  T h e  instrumental signal
response a n d  the standard deviation o f  the signal w e r e  investigated for the 77Se a n d
82
S e  isotopes.
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Figure 3.5.3.1. Instrument signal response to an increasing flow rate o f  s a m p l e  b y  
increasing the peristaltic p u m p  speed. A  5 0  p g  f 1 selenium standard solution (in 1 %  
v/v H N O i )  w a s  used throughout.
A  c o m p r o m i s e  m u s t  be m a d e  b e t w e e n  signal intensity, stability a n d  s a m p l e  
consumption. For this, reason a p u m p  speed o f  15 r.p.m. w a s  used w h i c h  allowed 
g o o d  signal intensity a n d  stability but w a s  also economical in the v o l u m e  o f  s a m p l e  it 
used: a p u m p  speed o f  15 r.p.m. corresponds to a s a m p l e  c o n s u m p t i o n  rate o f  1.0 m l  
min.'1. T a k i n g  into account the s a m p l e  uptake time (2 mins.) a n d  analysis time ( 2 - 5  
mins. d e pe nd in g o n  analysis requirements) then a m a x i m u m  s a m p l e  v o l u m e  o f  -  7 m l  
is required for a single analysis. In practice the s a m p l e  delivery rate is determined not 
only b y  the speed (r.p.m.) o f  the peristaltic p u m p  but also b y  the size of the tubing 
used.
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Spray chamber temperature
T h e  effect spray c h a m b e r  temperature has o n  signal response w a s  investigated in 
conjunction with the nebuliser flow rate ( 1 m i n ' 1) o f  the argon carrier gas.
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Figure. 3.5.3.2. Instrumental signal response o n  8 2S e + (100 p g  f' in 1 %  v/v H N 0 3) at
various N F R ’s a n d  different spray c h a m b e r  temperatures. 7 7S e + a n d  /?sSe^ followed 
very similar trends to 8 2S e + so are not portrayed here.
7 8 ,
T h e  importance o f  maintaining g o o d  aerosol production a n d  the reduction o f  water 
v a p o u r  loading to the p l a s m a  are demonstrated here. T h e  o p t i m u m  droplet size for the 
I C P  is ~  1 0 p m .  This droplet size is achieved w h e n  a cooled spray c h a m b e r  efficiently 
r e m o v e s  larger droplets. A t  20°C, larger droplets are allowed through to the plasma, 
reducing its ability to desolvate, atomise a n d  ionise the s a m p l e  aerosol. This is 
identifiable b y  the drop in signal response at this temperature. T h e  increase in signal 
response b e t w e e n  2 ° C  a n d  1 0 ° C  is d u e  to the increase in s a m p l e  delivery to the 
p l a s m a  w h i c h  impr ov es signal sensitivity [Zhu, 1988], H o w e v e r ,  there is an increase 
in the formation o f  polyatomic ions ( M 2+, M O +, M O H + a n d  possibly A r 2+) [Zhu, 
1988], T h e  increased formation o f  s o m e  o f  these interfering ions is a serious p r o b l e m  
if the I C P - M S  is to b e  used for the analysis o f  selenium a n d  other elements w h i c h  m a y  
b e  subject to this type o f  interference. For this reason the spray c h a m b e r  is generally
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cooled to 2 ° C  to m i n i m i s e  the formation o f  these ions, especially 40A r 3 6A r + a n d  
40A r 3 8A r + o n  m / z  7 6  (7 6Se) a n d  m / z  7 8  (7 8Se) respectively. Finally at 2 0 ° C  there 
appears to b e  a shoulder o n  the p e a k  at 0.8 1 min. 1 N F R  w h i c h  could possibly b e  f r o m  
the A r 2H 2+ polyatomic ion. If this is the case then cooling o f  the spray c h a m b e r  to 2 ° C  
is prudent so as to m i n i m i s e  the water v a p o u r  loading to the I C P  a n d  therefore the 
occurrence o f  A r 2H 2+ polyatomic ions o n  m / z  82.
Dwell time
T h e  variable parameter o f  instrumental dwell time w a s  investigated to establish the 
m o s t  suitable conditions for the analysis o f  selenium.
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Figure 3.5.3.3. Instrument signal response a n d  stability o f  8 2S e + at various dwell times. 
T h e  %  relative standard deviation ( %  R S D )  o f  the signal appears o n  the secondary 
axis. A  standard containing selenium, concentration =  100 p g  I 1 in 1 %  v/v H N 0 3 w a s  
used throughout this study.
A s  is the case with s a m p l e  consumption, a c o m p r o m i s e  has to be m a d e  b e t w e e n  signal 
intensity, stability o f  the signal a n d  analysis time. A  dwell time o f  2 m s  w a s  chosen 
for further analysis based o n  its excellent relative standard deviation o f  signal (0.5%) 
a n d  the speed o f  analysis. A  dwell time o f  8  m s  w o u l d  ha v e  b e e n  preferable based o n
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its greater signal intensity, if it w e r e  not for the poor stability o f  the signal that this 
p r o d u c e d  ( 2 %  R S D ) .
Forward power and nebuliser flow  rate (NFR)
T h e  instrumental parameter o f  forward p o w e r  w a s  investigated b y  setting it at 1.1 k W ,  
along with a nebuliser flow rate of 0.6 1 min.'1. A  selenium standard solution (50 p g  f 1 
in 1 %  H N O 3 ) w a s  analysed. T h e  N F R  w a s  increased u p  to 1.2 1 m i n . ' 1 in increments o f 
0.05 1 m i n . ' 1 a n d  the analysis o f  the standard repeated at each increment. O n c e  this 
w a s  d o n e  this procedure w a s  repeated for 1.3, 1.5 a n d  1.6 k W  forward power. T h e  
results o f  this investigation in terms o f  increase in signal response as a function o f  
forward p o w e r  a n d  N F R  is presented in Figure 3.5.3.4.
1.1 kW 
1.3 kW 
1.5 kW 
■ 1.6 kW
Nebuliser flow rate (l/min.)
Figure 3.5.3.4. Instrumental signal response for X2 S e + (100 p g  f 1 S e  standard in 1 %  v/v 
H N O 3 ) with varying N F R  a n d  as a function o f  forward p o w e r  ( k W )  to the plasma.
A s  previously noted b y  V a n h a e c k e  [1992 a n d  1993], the N F R  curve obtained at a 
particular forward p o w e r  shifts if the p o w e r  to the p l a s m a  is changed. T h e  position of 
the m a x i m a  shifts towards higher nebuliser flow rates as the p o w e r  increases; the 
ma g n i t u d e  of the signal at the m a x i m a  appeared to increase only slightly with 
increases in forward power. T h e  variation in signal intensity with forward p o w e r
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displayed a sharp increase in m a g n i t u d e  b e t w e e n  1.1 a n d  1.3 k W .  A b o v e  1.3 k W  the 
N F R  curves still shifts but n o  appreciable increase in signal intensity is achieved.
T h e  shape a n d  distribution o f  these curves is d u e  to the analyte z o n e  within the p l a s m a  
c h an gi ng position [Vanhaeeke, 1992, 1993]. T h e r e  is a n  o p t i m u m  position within the 
p l a s m a  that contains the greatest n u m b e r  o f  singly-charged analyte ions, M +. T h e  
position o f  this o p t i m u m  analyte z o n e  is defined b y  the s a mp li ng depth, N F R  a n d  
forward power. T h e  position o f  the o p t i m u m  z o n e  is also de p e n d e n t  o n  the m a s s  
n u m b e r  o f  the isotope a n d  c a n  u n d e r g o  spatial displacement in the presence o f  a 
different matrix.
T h e  alteration o f  the o p t i m u m  sa mp l i n g  depth (z-axis) is not practical whilst the I C P  
is operating a n d  so w a s  set at a depth that ga v e  a g o o d  response in terms o f  signal-to- 
noise (S/N) ratio. T h e  ability to adjust the z-axis in s o m e  other m a c h i n e s  (the E l a n  for 
e x a m p l e )  w o u l d  only further complicate the optimisation procedure. T o  quote T a n n e r  
[1997]
“ it has be en m y  experience that, for both "cold" and "normal" plasmas, very little is to be gained in 
detection limit by adjustment of the sampling depth (provided that the original depth is neither too short 
nor too long)” .
A n  increase in N F R  results in faster analyte transport through the plasma. If the 
residence time within the p l a s m a  required for ionisation remains unaltered, then the 
analyte z o n e  is p u s h e d  closer to the s a mp li ng cone. A  further increase in the N F R  
results in the samp li ng o f  ions f r o m  outside the o p t i m u m  analyte z o n e  w h i c h  registers 
as a  dr op in signal intensity.
A n  increase in p o w e r  to the p l a s m a  pulls the z o n e  o f  m a x i m u m  ion density towards 
the load coil. Consequently, it is necessary to increase the nebuliser f l o w  rate in order 
to obtain a n  optimal signal. T h e  fact that the m a g n i t u d e  o f  the signal for the observed 
o p t i m u m  N F R  increases with fo rw ar d p o w e r  can b e  explained b y  the higher p l a s m a  
temperature at greater fo rw ar d p o w e r  settings [Vanhaeeke, 1992, 1993]. H o w e v e r ,
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a b o v e  1.5 k W  the high p o w e r  to the p l a s m a  gives rise to a  higher b a c k g r o u n d  signal 
a n d  p l a s m a  instability as seen b y  P o w e l l  e t a l . [Powell, 1986],
A  forward p o w e r  o f  1.5 k W  a n d  a N F R  o f  1.0 1 m i n 1 w e r e  c h o s e n  as the o p t i m m n  
operational parameters for the analysis o f  selenium. T h e  i n d i u m  internal standard 
u s e d  for this study shared the s a m e  o p t i m m n  conditions in terms o f  forward p o w e r  
a n d  N F R  as that o f  selenium.
3o6o Summary
T h e  d e v e l o p m e n t  o f  I C P - M S  for trace el em en t analysis has b e e n  discussed along with 
the c o m p o n e n t s  o f  this powerful analytical tool, w h i c h  include:
(i) the I C P  as a n  ion source for m a s s  spectrometry;
(ii) the samp li ng interface, allowing ion extraction f o r m  the ICP;
(iii) the ion optics w h i c h  focus the s a m p l e d  ions, r e m o v i n g  u n w a n t e d  species a n d  
present the ion b e a m  to the quadrupole;
(iv) the v a c u u m  system, essential to the m a s s  spectrometer;
(v) the quadrupole m a s s  filter;
(vi) ion detection a n d  data handling.
T h e  analytical figures o f  merit o f  all I C P - M S  instruments h a v e  b e e n  discussed a n d  
include:
(i) excellent detection limits for m o s t  elements ( < 2  p g  f 1 for selenium);
(ii) g o o d  long-term instrumental signal stability;
(iii) simultaneous multi-element capability;
(iv) isotopic information;
(v) large linear d y n a m i c  range (10 8 for the Sola I C P - M S ) .
Despite these strengths the application o f  I C P - M S  to the analysis o f  selenium 
concentrations in b l o o d  s e r u m  s a mp le s has b e e n  s h o w n  to h a v e  s o m e  serious
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drawbacks. T h e s e  include both spectroscopic a n d  non-spectroscopic interferences, 
po o r  ion yield f r o m  the argon I C P  a n d  the lack o f  a  suitable m e t h o d  for efficient 
analyte transport to the ICP.
Various m e t h o d s  o f  im p r o v i n g  the analysis o f  selenium concentrations b y  I C P - M S ,  
wi th special consideration to the analysis o f  bl oo d serum, w e r e  r e vi ew ed f r o m  the 
literature. O f  the m e t h o d s  available special consideration w a s  given to those that w e r e  
easy to use, cheap, robust a n d  lent themselves to routine analysis.
T h e  I C P - M S  us e d  in this w o r k  w a s  then discussed in detail. T h e  Finnigan M A T  S O L A  
has certain differences in its design w h i c h  include a third c o n e  (accelerator cone) a n d  
therefore a different differential p u m p i n g  system for the v a c u u m ;  a n  off-set 
quadrupole m a s s  filter a n d  finally a  Fa ra da y detector as well as the usual electron 
multiplier.
T h e  m e t h o d  o f  s a m p l e  introduction to the I C P  has b e e n  s h o w n  to b e  of p r i m e 
importance to the analytical p e r f o r m a n c e  o f  the I C P - M S .  Therefore, in attempt to 
i m p r o v e  the analysis o f  selenium concentration determinations in h u m a n  b l oo d s e r u m  
a  lot o f  this w o r k  focuses o n  the various m e t h o d s  o f  s a m p l e  introduction. Prior to this 
the m a c h i n e  w a s  optimised for certain parameters that w e r e  generally independent o f  
the m e t h o d  o f  s a m p l e  introduction. T h e s e  parameters included s a m p l e  delivery rate 
w h i c h  in conjunction with spray c h a m b e r  temperature determined the water v a p o u r  
loading to the plasma; instrumental dwell time; forward p o w e r  to the p l a s m a  a n d  
nebuliser f l o w  rate. Explanations for the observations w e r e  given a n d  a set o f  base­
line values w e r e  f o u n d  for certain instrumental parameters w h e n  determining 
selenium b y  I C P - M S .  O p t i m u m  instrumental conditions were:
F o r w a r d  p o w e r  1.5 k W
Nebuliser fl o w  rate 1.0 1 m i n . " 1
D w e l l  time 2 m s
S a m p l e  delivery rate 1.0 m l  min."1).
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H a v i n g  detennined the optimal instrumental operating conditions for the analysis of 
selenium under certain instrumental parameters it is n o w  important to assess m e t h o d s  
o f  i m pr ov in g sensitivity as well as suppressing or r e m o v i n g  tr oublesome interferences 
in selenium analysis. T h e  m e t h o d s  include s a m p l e  introduction h a r d w a r e  (hydride 
generation, ultrasonic nebulisation) a n d  the benefits o f  organic addition to the sample. 
T h e  a i m  is to provide a cheap, robust, yet accurate a n d  reproducible technique for the 
determination o f  selenium concentrations in h u m a n  bl oo d serum. In the next chapter 
investigations o f  e n ha nc in g instrumental p e r f o r m a n c e  a n d  suppressing interferences 
will b e  demonstrated.
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C h a p t e r  4
E v a l u a t i o n  o f  M e t h o d s  o f  S a m p l e  I n t r o d u c t i o n  f o r  t h e  
A n a l y s i s  o f  S e l e n i u m  b y  I C P - M S
4.1 Optimisation of Methods of Sample Introduction
M a n y  o f  the properties o f  I C P - M S ,  signal sensitivity or stability a n d  the sp ee d at 
w h i c h  samples ca n  b e  analysed, are d e p e n d e n t  o n  the m e t h o d  of s a m p l e  introduction. 
In this chapter the characteristics o f  the various m e t h o d s  o f  s a m p l e  introduction for 
I C P - M S  will b e  evaluated. T h e  characteristics investigated will b e  su ch parameters as 
signal sensitivity a n d  stability a n d  the influence o f  polyatomic ion interferences. 
A s s e s s m e n t  will b e  m a d e  using standard se lenium solutions at various concentrations 
a n d  with or without the presence o f  Cl" for the formation o f  A r C l + interferences.
4.1.1. P n e u m a t i c  nebulisers
P n e u m a t i c  nebulisers us ed in conventional s a m p l e  introduction in inductively co up le d 
p l a s m a  m a s s  spectrometry consist o f  t w o  m a i n  types, n a m e l y  the M e i n h a r d t  a n d  V -  
gr oo ve or high solids nebuliser ( V G N ) .  T h e s e  ha v e  already b e e n  discussed in section
3.2.2. in tenns o f  their characteristics for s a m p l e  introduction to the ICP.
H a v i n g  determined s o m e  o f  the o p t i m u m  instrumental conditions for the analysis of 
selenium using a p n e u m a t i c  nebuliser, a series o f  simple experiments w e r e  carried out 
to assess the instruments p e r f o r m a n c e  u n de r these conditions. T h e s e  preliminary 
investigations using the V G N  clearly demonstrate s o m e  o f  the difficulties facing the 
analyst w h e n  determining se lenium b y  I C P - M S .
Sensitivity
This w a s  demonstrated as the signal response f r o m  the m a c h i n e  achieved b y  
nebulising a 10 p g  I' 1 standard solution (in 1 %  v/v H N 0 3) of se le ni um a n d  yttrium 
using the 8 2S e + a n d  8 9Y + isotopes respectively. 8 2S e + w a s  c h o s e n  as it is essentially 
interference free under n o r m a l  conditions a n d  8 9Y +  w a s  ch os en d u e  to its relatively 
close m a s s  n u m b e r  to selenium.
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Figure 4.1.1.1. Typical instrumental response m e a s u r e d  as cts. sec . " 1 f r o m  a 10 p g  I' 1 
selenium a n d  yttrium standard solution in 1 %  v/v H N 0 3. Instrument operated u n de r  
o p t i m u m  operating conditions for analysis o f  selenium (1.5 k W ,  1.0 N F R )  using a 
high-solids V - g r o o v e  nebuliser ( V G N ) .
This clearly s h o w s  s o m e  o f  the p r o b l e m s  o f  analysing selenium, namely:
(i) the isotopic a b u n d a n c e  of 82S e  is l o w  ( 9 . 2 %  c o m p a r e d  with the m o n o ­
isotopic yttrium) a n d  is the only isotope o f  selenium that is essentially free 
f r o m  interference;
(ii) the po o r  ionisation efficiency w h e n  analysing selenium using a n  argon 
plasma; S e  -  3 0 % ,  Y  =  9 8 %  (Figure 3.1.1.5.).
B o t h  analytes share the p r o b l e m  o f  p o o r  transport efficiency w h e n  using a 
conventional p n e u m a t i c  nebuliser.
T h e  p o o r  sensitivity o f  the instrument w h e n  analysing selenium u nder these standard 
conditions ca n b e  put into context w h e n  the analysis o f  a s e r u m  s a m p l e  is attempted. 
A s  discussed earlier in section 3.1.4., the determination o f  selenium in h u m a n  s e r u m  
is severely h a m p e r e d  b y  the p o o r  sensitivity o f  the instrument under n o r m a l  operating 
conditions. T h e  selenium concentration, after the dilution o f  the serum, approximates 
to the instrumental detection limit. T h e  sensitivity of the m a c h i n e  in this standard 
format gives a detection limit in the range o f  2 p g  I" 1 [Finnigan M A T ,  1993].
1 3 2
Spectroscopic interferences
T h e  typical blank signal a n d  instrumental sensitivity for the various selenium isotopes 
are s h o w n  below, using conventional M e i n h a r d t  a n d  V - g r o o v e  nebulisers. T h e  a i m  is 
to s h o w  the influence the a r go n support gas polyatomic ions h a v e  o n  the various 
selenium isotope signals. T h e  m o s t  a b u n d a n t  isotope, 8 0Se, is ignored d u e  to the 
e n o r m o u s  signal f r o m  40A r 40A r + w h i c h  entirely m a s k s  it, a n d  74S e  is ignored d u e  to its 
particularly l o w  natural a b u n d a n c e  (0.9%).
T a bl e 4.1.1.2. Typical b l an k signal a n d  instrumental sensitivity (for 10 0 p g  I' 1 S e  
standard in 1 %  v/v H N 0 3) using either the M e i n h a r d t  or V - g r o o v e  nebuliser. Standard 
conditions of 1.5 k W  fo rw ar d p o w e r  a n d  1.0 1 m i n . ' 1 N F R  apply. T h e  results are for 
signals f r o m  the respective m / z  n u m b e r  a n d  not necessarily d u e  to S e +.
Nebuliser
T y p e
B l a n k  signal 
(cts. sec"1)
Typical response for 
10 0 p g  I" 1 S e  
standard (cts. sec"1)
7 6 7 7 7 8 82 7 6 7 7 7 8 82
M e i n h a r d t 1 6 2 1 9 1 4 7 2 2 1 8 130 3 0 0 4 5 1 2 2 7 2 4 3 0 2 8 1 6 3 2 8
V - g r o o v e  ( V G N ) 1 0 2 6 0 145 19 8 3 123 2 9 4 6 6 1 1 0 6 8 3 8 9 8 2 1 3 3 1 9
T h e  slight i m p r o v e m e n t  in sensitivity with the Me i n h a r d t  nebuliser c o m p a r e d  with the 
V G N  is d u e  to the M e i n h a r d t ’s slightly better nebulisation efficiency. H o w e v e r ,  the 
practical use of the M e i n h a r d t  nebuliser is limited b y  the ease with w h i c h  it b e c o m e s  
blocked.
T h e  use o f  the 7 6S e + isotope is clearly interfered with b y  the 40A r 36A r + (and to a far 
lessor degree 3 8A r 3 8A r +) po ly at om ic ion signal, as ca n  b e  seen o n  the blank signal for 
m / z  76. T h e  signal p r o d u c e d  b y  the formation of A r 2+ dimers o n  m / z  7 6  is analogous 
with the signal achieved f r o m  10 0  p g  F 1 selenium, using the 8 2S e + isotope for 
c o m p a r i s o n  ((8 2S e + / 9.2) x  9.0 =  theoretical signal response f r o m  7 6S e + : calculation
7 A R9
ba se d o n  the natural occurrence o f  S e  a n d  S e  j.
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T h e  7 7 S e + isotope is relatively free of m a j o r  interferences, d u e  to the lack o f  C f  ions 
required for the 40A r 3 7C l + interferent o n  m / z  77.
Interferences o n  7 8S e + are restricted to a m i n o r  interferent f r o m  7 8K r + a n d  m o r e  
importantly the signal f r o m  4 0A r 3 8A r +. T h e  natural a b u n d a n c e  o f  38A r  is particularly 
l o w  at 0. 06 %. T h e  i m p a c t  o n  the 7 8S e + signal b y  the argon d i m e r  is obviously far less 
than that o f  the 40A r 36A r + d i m e r  o n  7 6S e +. T h e  interference corresponds to a signal 
obtained f r o m  a ~  7  p g  I" 1 se lenium sample. This is still highly significant to our 
analysis a n d  h e n c e  precludes the use o f  this isotope under n o r m a l  operating 
conditions. H o w e v e r ,  the natural a b u n d a n c e  o f  78S e  (23.6%) is far greater than the 
other isotopes considered (ignoring 80S e  as it is heavily m a s k e d  b y  40A r 4 0A r +) a n d  so 
its use could b e  considered in sa mp le s with higher selenium content w h e r e  the 
signal/background is ma na ge ab le .
8 2S e + or m o r e  precisely m / z  82 has a b a c k g r o u n d  count o f  -  100 cts. sec."1. This is 
n o r m a l  for this m / z  n u m b e r  a n d  is explained b y  the following contributions:
(i) the third c o n e  o n  the S O L A  accelerates ions, giving t h e m  greater energy 
w h i c h  results in far better sensitivity d u e  to i m p r o v e d  ion transmission 
efficiencies through the ion optics. This also m a k e s  the ions m o r e  difficult to 
resolve b y  the qu adrupole m a s s  spectrometer. In addition spurious discharges 
m a y  occur as high energy ions, that are not resolved, impact the rods o f  the 
quadrupole. Finally, high energy electrons m a y  b e  able to pass straight through 
the quadrupole without being r e m o v e d  a n d  a d d  to the signal at a n y  mass. This 
leads to a situation w h e r e  the b a c k g r o u n d  spectra for the S O L A  I C P - M S  is 
m u c h  noisier than other machines. This high b a c k g r o u n d  signal appears 
throughout the m a s s  range but is m o r e  prevalent at the lower e n d  d u e  to the 
greater n u m b e r  o f  ions present in the lower m a s s  range [Abou-Shakra, 1996];
(ii) the presence o f  krypton as a contaminant in the argon p l a s m a  support gas 
gives rise to a  signal o n  m / z  8 2  f r o m  8 2K r +. This is normally easily dealt 
with as the contribution is small a n d  ca n b e  r e m o v e d  b y  using the 8 3K r + 
isotope signal for c o m p a r i s o n  (section 3.3.2.);
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(iii) the presence o f  r a r e  polyatomic species. T h e s e  could include A r 2H 2+, an d  
3 4S I60 3+. T h e s e  molecular ion species ca n b e  considered to b e  extremely rare 
a n d  generally pose little or n o  problem;
(iv) the possible occurrence o f  residual selenium w o u l d  also a d d  to the signal, but 
again is expected to b e  very l o w  as every attempt to cleanse the system of  
residual selenium w a s  m a d e  b y  w a s h i n g  for > 1 5  min. with 1 %  v/v H N 0 3.
All o f  the a b o v e  contributions to the signal o n  m / z  82 are small a n d  can easily be
£2 -f-
accounted for b y  careful attention to the blank signal a n d  subtraction o f  the “K r  
signal contribution.
T h e  next study w a s  carried out with the instrument in its standard set-up a n d  w a s  
a i m e d  at ascertaining the contribution C f  m a k e s  to the signal o n  m / z  77. A  10 p g  f 1 
selenium standard in 1 %  v/v H N 0 3 w a s  prepared a n d  spiked with H C I  to give a 
required concentration o f  Cf. T h e  m / z  n u m b e r s  77, 7 8  a n d  82 w e r e  monitored, as well 
as the signal o n  m / z  75 (4 0A r 3 5C l +).
[Cl] gg/ml
Figure 4.1.1.3. T h e  relative signal e n h a n c e m e n t  o n  7 7S e +, 7XS e + a n d  x“S e +  with the 
addition o f  Cl . T h e  signals are normalised to the initial signal for [CF] =  0.
78 E  82 E
T h e  slight increase in S e  a n d  S e  m a y  b e  d u e  to better mobility o f  the analyte as it 
is in acid media. H o w e v e r ,  the relative increase for 7sS e + is greater than x2 S e + 
suggesting that the formation o f  4uA r 3 8A r + has be e n  e n h a n c e d  d u e  to changes in 
p l a s m a  conditions (with the addition o f  Cf). A n o t h e r  proposal is the formation of 
4 0A r 3 7C l H +  polyatomic ions.
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T h e  contribution the Cl' m a k e s  to the signal o n  m / z  7 7  is highly significant a n d  is 
fairly linear u p  to 1000 p g  m l " 1 Cl". A t  a Cl" concentration a b o v e  10 0 0  p g  m l " 1 the 
interfering signal continues to increase but not at the s a m e  rate. T h e  s a m e  trend w a s  
ha p p e n i n g  o n  m / z  75 as the formation o f  4 0A r 3 'Cl+ interfered with the determination 
o f  arsenic. T h e  ratios o f  the 7 7  to 75 signal stayed constant with the signals 
demonstrating the natural a b u n d a n c e  o f  3 >C1 a n d  3 7C1 very well as they f o r m e d  the 
polyatomic ions 40A r  5C 1 + a n d  4llA r 3 7C l + ( 7 5 . 8 %  to 24 . 2 % ,  respectively).
T h e  contribution to the determined selenium concentration (using the 7 7S e + isotope) 
f r o m  the Cl", can only be put into context w h e n  the Cl" content in s e r u m  is applied to 
the findings above. This is demonstrated in the figure below.
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Figure 4.1.1.4. Signal response o n  7 7S e + (10 p g  I"1) with the addition o f  Cl" as HCI.
T h e  bars with the horizontal lines represents the theoretical interference f r o m  C F  in 
blood serum; 3 5 0 0  p g  m l  ' in undiluted s e r u m  [Iyengar, 1978] a n d  3 5 0  p g  m l  ' in a 10 
fold diluted serum. A  contribution o f  3 5 0  p g  m l ' 1 or 3 5 0 0  p g  m l " 1 Cl w o u l d  give a
1 77
‘false’ concentration o f  - 3 8  a n d  17 7 p g  1 selenium respectively if S e  w e r e  used for 
determinations. T h e s e  results c o m p a r e  favourably with those achieved b y  V a n h o e  et  
a l . [1994b]. For this reason the 7 7 S e + isotope is not generally used for selenium 
concentration m e a s u r e m e n t s  in h u m a n  serum, under no rm al conditions.
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W h e n  applying all these findings to the actual spectra achieved with the I C P - M S  the 
final result w o u l d  appear rather like the following spectrograph:
M/z number
 Theoretical response Observ ed response
Figure 4.1.1.5. Theoretical a n d  observed signal response f r o m  a 100 p g  F 1 selenium 
standard with the addition o f  1 0 0 0  p g  m l ' 1 CF. T h e  V G N  is used as the m e t h o d  o f 
s a m p l e  introduction .
In future w o r k  the optimisation o f  the selenium signal is investigated in conjunction 
with studies o f  the interfering polyatomic ions. It will b e  noted that the sensitivity 
obtained f r o m  the m a c h i n e  for the determination of selenium increases far b e y o n d  
that achieved in Table 4.1.1.2. for 10 0 p g  F 1 selenium.
T h e  parameters o f  forward p o w e r  a n d  nebuliser flow rate ( N F R )  w e r e  investigated at 
the e n d  o f  Chapter 3 for the s2S e + isotope only. In this section the other isotopes o f
76 F- 7 7  +  7 8  F- 8 2  F*
possible use, n a m e l y  'Se , S e  a n d  S e  are investigated. Values for "Se are also 
portrayed as they act as a s t a n d a r d  b e n c h m a r k  b y  w h i c h  the other isotopes can be 
comp ar ed .
8? F* i •
A s  the "Se isotope is to b e  used for comparisons, w h e n  evaluating the impact of
8 2  F- 4-
organic addition, the isotope ratios ( "Se : rS e  , w h e r e  X \ s  m / z  76, 7 7  a n d  78) for this
s
instrument m u s t  b e  determined. T o  ascertain these isotope ratios a 100 p g  f 1 selenium 
standard w a s  analysed for a period o f  ten minutes using a particularly large n u m b e r  of 
scans, 1000, instead o f  the usual 100. E v er y effort w a s  m a d e  to r e m o v e  C F  fr o m  the 
system prior to analysis. This w a s  achieved b y  careful attention to the reagents used
1 37
a n d  a  particularly thorough instrument cleanse beforehand. T h e  instrument w a s  
optimised using the 8 2S e + signal a r o u n d  the o p t i m u m  conditions o f  1.5 k W  forward 
p o w e r  a n d  1.0 1 m i n . " 1 N F R .  This ex periment gave a very clear indication o f  the 
isotope ratios that this m a s s  spectrometer w o u l d  give un de r n o r m a l  conditions. T h e  
actual ratios for 8 2S e +: rS e + achieved were:
T a bl e 4.1.1.6 . Natural isotope ratios o f  se le ni um a n d  those achieved using the I C P - M S  
in this work.
Isotopes Natural ratio This instrument
8 2S e +:7 6S e + 1.02 0.37
8 2S e +:7 7S e + 1.21 1.14
8 2S e +:7 8S e + 0.39 0.36
T h e s e  values s h o w  s o m e  interesting points to consider:
(i) the use o f  the 7 6S e + isotope is problematic d u e  to the 40A r 3 6A r + polyatomic a n d  
essentially useless un de r n o r m a l  conditions, as already determined. If a very 
concentrated standard w a s  us e d  then far better 8 2S e +:7 6S e + ratios could be 
achieved but w o u l d  h a v e  little relevance to practical usage;
(ii) the 8 2S e +:7 7S e + ratio is slightly d o w n  o n  the natural ratio but ca n  b e  considered
82 + 77 d-
to b e  the S e  : S e  isotope ratio for this instrument. This statement is m a d e  
b a se d o n  the as su mp ti on that n o  Cl" is present to give a  positive bias to the m / z  
7 7  signal, f r o m  the formation o f  40A r 3 7C l +;
8 2  j *70
(iii) the ratio for S e  : S e  is very close to its natural a b u n d a n c e  but the slight 
deviation is probably f r o m  40A r 3 8A r + It is important to consider that as the
8 7  E  7 8  E-
concentration o f  se lenium is l o w e r e d  the S e  : S e  ratio will decrease as the 
proportion o f  the A r 2+ d i m e r  to 7 8S e + increases.
Investigations o f the polyatomic ion interferences encountered in ICP-MS when 
determining selenium
T h e  I C P - M S  w a s  set-up with the o p t i m u m  conditions, as de termined in Ch ap te r 3, for 
the analysis o f  selenium using the 8 2S e + isotope. A  10 p g  I' 1 selenium standard (in 1 %
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H N 0 3) w a s  nebulised using the V - g r o o v e  high-solids nebuliser. T h e  selenium 
standard w a s  spiked with 0 . 1 %  v/v H C I  so as to provide the interfering chlorine o n  
m / z  77. T h e  N F R  w a s  set at 0.6 1 m i n . " 1 a n d  the s a m p l e  analysed. Signal counts w e r e  
m e a s u r e d  o n  m / z  75, 76, 77, 78, 82, 83 a n d  115. T h e  signal o n  m / z  83 (8 ’K r +) w a s  
m e a s u r e d  to ensure the 8 2kr+ interference o n  m / z  82 w a s  not too sizeable. T h e  signal 
o n  m / z  115 w a s  m e a s u r e d  as the standard contained 5 0  p g  F 1 in d i u m  as a n  internal 
standard. T h e  i n d i u m  acted as a m e t h o d  b y  w h i c h  w e  could monitor instrument 
pe rf or ma nc e without relying o n  a n y  o f  the isotopes o f  interest. M / z  75 w a s  
investigated to note similarities wi th those observed o n  m / z  77, n a m e l y  the A r C l 4 
polyatomic ions. M / z  7 6  w a s  studied for the purposes of investigating the formation of 
the A r A r + polyatomic ions. After analysis the N F R  w a s  increased to 0.65 1 m i n . " 1 a n d  
the process repeated. This process w a s  repeated u p  to a n  N F R  o f  1.20 1 min."1, at 0.05 
1 m i n . " 1 increments. T h e  results are g r a p h e d  b e l o w  a n d  s h o w  the typical bell shaped 
curves of nebuliser flow rate studies.
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Figure. 4.1.1.7. Signal response at 1.5 k W  forward p o w e r  a n d  varying N F R  for the 
signals o n  m / z  77, 7 8  an d  82.
S o m e  interesting observations c a n  b e  m a d e  f r o m  these results, namely:
(i) all three signals s h o w  a p e a k  at 1.00 - 1.05 1 m i n . ' 1 N F R ,  corresponding to the 
‘true’ signal f r o m  the se le n i u m  a n d  w a s  corroborated b y  the ll3In+ signal 
w h i c h  also p e a k e d  at a N F R  o f  1.00 1 min." 1 . 7 7S e + c a n  b e  seen to p e a k  at 1.05 1
1 3 9
m i n . ' 1 suggesting the o p t i m u m  N F R  is a little over 1.00 1 min.'1. This is 
co n f i r m e d  b y  the signals for 7 8 S e + a n d  8 2Se+ being greater at 1.05 1 m i n . ' 1 than 
at 0.95 1 min.'1;
(ii) the isotopes suffering f r o m  interference, 7 7 S e + a n d  7 8S e +, also h a v e  peaks at 
b e t w e e n  0.70 a n d  0.80 1 m i n . ' 1 N F R .  T h e s e  peaks correspond to the formation 
o f  polyatomic ions. This c a n  b e  supported b y  the fact that the peaks appeared 
at the s a m e  N F R  for m / z  7 6  a n d  m / z  75 (Figure 4.1.1.10.). All efforts w e r e  
m a d e  to m i n i m i s e  the presence o f  arsenic in the standard investigated a n d  so 
all the signal o n  m / z  7 5  could b e  attributed to the formation o f  40A r 3 5C l + 
(Figure 4.1.1.11). In addition the ratio o f  the signal o n  m / z  7 5  a n d  7 7  
corresponded to the isotope ratios for 3 5C1 a n d  3 7C1 demonstrating that the 
interfering signal contained chlorine. T h u s  the interfering ions w e r e  the 
polyatomic ions 40A r 3 ;>C l + a n d  4 0A r 3 7C l +;
(iii) as s h o w n  b y  m / z  7 7  the signal o n  m / z  7 8  is seen to b e  e n h a n c e d  b y  the 
presence o f  a n  interferent. T h e  natural ratio of 8 2S e +:7 8S e + is 0.39:1, but 
u n de r o p t i m u m  conditions the observed ratio is 0.36:1. A s  with the signal o n  
m / z  7 7  the presence o f  a n  interferent enhances the signal o n  m / z  78. A s  
expected, the influence o f  the 4 0A r 3 8A r + interferent o n  m / z  7 8  is not as great as 
the 40A r 3 7C l + interferent o n  m / z  77. A l t h o u g h  small the presence o f  38A r  
(natural isotopic a b u n d a n c e  o f  38A r  =  0 . 0 6 % )  has b e e n  s h o w n  to b e  significant 
w h e n  utilising 7 8 S e + signal for selenium determinations. T h e  possible use of 
mathematical correction to r e m o v e  the interfering signal is again brought into 
d oubt as the a b u n d a n c e  o f  38A r  is so small. In addition the introduction o f  a 
s a m p l e  matrix will alter p l a s m a  conditions a n d  the extent to w h i c h  A r 2+ 
polyatomics are formed. F o r  this reason, the ability o f  blank subtraction to 
account for the 4 0A r 3 8A r + interference o n  m / z  7 8  is brought into s o m e  doubt;
(iv) despite optimisation o f  the signal, to m a x i m i s e  the ‘true’ selenium signal o n  
m / z 7 7  there is still a  significant contribution f r o m  the 40A r 3 7C l + polyatomic 
interference. This c a n  b e  seen b y  studying the signals for m / z  7 7  a n d  82 w h i c h  
are not the expected ratios (Figure 4.1.1.8.). T h e  expected signal ratio for 
8 2S e +:7 7 S e + should b e  1.21:1. Instead, the ratio for the t w o  isotopes un de r the
14 0
o p t i m u m  conditions is 0.93:1. T h e  deviation f r o m  the expected ratio is du e  
to the 40A r 3 7 C l + contribution o n  the selenium signal at m / z  77. B y  using 
mathematical correction (using the signal o n  m / z  75 to adjust the m / z  7 7  signal 
at 1.1 N F R )  the ratio ca n b e  seen to i m p r o v e  as the 8 2S e 4 signal b e c o m e s  larger 
than the 7 7S e + signal. H o w e v e r ,  the m e t h o d  over-corrects a n d  a ratio of 1.29 is 
achieved. This is far better than the non-corrected value but is consistent with 
Lichte a n d  co-workers [1987] findings that mathematical corrections b e c o m e  
unsuitable w h e n  the analyte concentration is near the detection limit, as in this 
case. In addition the use o f  m / z  75 to correct for interference o n  m / z  7 7  relies 
o n  the absence o f  arsenic f r o m  the sample.
Nebuliser flow rate (l/min)
 1 m/z 77 ---X  82Se ---X  - - calculated 77 Se
Figure 4.1.1.8. Signal response at 1.5 k W  forward p o w e r  a n d  varying N F R  (0.85-1.2 1 
min.'1) o n  m / z  7 7  a n d  82 for a 10 p g  F 1 selenium standard solution. T h e  calculated
77 * * 77
value for S e  is m a d e  using the natural a b u n d a n c e  of the t w o  selenium isotopes, S e  
a n d  8 2Se, to portray the expected signal o n  m / z  7 7  f r o m  77S e  using the 82S e  signal 
response (Equation 4.1.1.9.).
8?Se
- ^ — x 9.0 =  7 7 S e  (Equation 4.1.1.9.)
A s  previously m e n t i o n e d  in (ii) above, the interference f r o m  the polyatomic ions 
4 0A r 3 5C l + a n d  40A r 3 6A r + appear at 0.70 - 0.80 1 m i n . ' 1 N F R .  This is portrayed in Figure
4.1.1.10.
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Figure 4.1.1.10. Signal response at 1.5 k W  forward p o w e r  a n d  varying N F R  for the 
signal o n  m / z  7 5  a n d  76, representing the formation of 40A r 3 5C l + a n d  40A r 3 6A r +.
T h e  t w o  interference p e ak s o n  m / z  7 5  a n d  7 6  fall exactly o n  the s a m e  N F R  as the 
interference peaks noticed o n  m / z  7 7  a n d  78, respectively. T h e  a b u n d a n c e  ratios o f  the 
respective interference signals also c o m p a r e  closely with their natural a b u n d a n c e  
(3 8Ar:36A r  a n d  3 5C1:3 7 C1). A t  0.70 1 m i n . ' 1 N F R  the m a g n i t u d e  o f  the signal o n  m / z  7 6  
c o m p a r e d  to that o f  m / z  7 8  c o m p a r e s  favourably with the natural a b u n d a n c e  o f  36A r  
a n d  3 8Ar. Similarly, the signal response o n  m / z  75 a n d  7 7  at 0.75 1 m i n . ' 1 N F R  closely 
follows the natural a b u n d a n c e  o f  chlorine, 40A r 3 5Cl+ ( 7 5 % )  a n d  4 0A r 3 7C l + ( 2 5 % )  as 
c a n  b e  seen in Figure 4.1.1.11.
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Figure 4.1.1.11. T h e  signal response at 1.5 k W  forward p o w e r  a n d  varying N F R  for 
the at om ic m a s s  units 7 5  a n d  7 7  w h i c h  both share a n  interference f r o m  A r C l + 
polyatomic ions. T h e  m a g n i t u d e  o f  the signal ratios (at 0.70 1 m i n . " 1 N F R )  7 5 %  o n  m / z  
7 5  to 2 5 %  o n  m / z  7 7  m a t c h e s  the isotopic a b u n d a n c e  o f  3:>C1 ( 7 5 . 8 % )  a n d  3 7C1 
(24.2%).
F r o m  the a b o v e  findings w e  c a n  s h o w  that the optimisation o f  the m a c h i n e  in terms o f  
N F R  is essential to achieve the largest ‘true’ signal a n d  at the s a m e  time m i n i m i s e  the 
interferent. H o w e v e r ,  the use o f  instrumental optimisation to m a x i m i s e  the ‘true’
• « • • • , , nn
signal a n d  mi ni m i s e  the interferent is h o w e v e r  not sufficient to allow the use o f  S e  
for selenium determinations. This is clearly demonstrated w h e n  observing the isotope 
ratios o f  8 2S e +:7 7 S e + as seen in Figure 4.1.1.8.
T h e  implementation o f  ma t h e m a t i c a l  correction of the m / z  7 7  signal using m / z  7 5  
does indeed correct for the 40A r 3 7 C l + interference but s e e m s  to overcorrect a n d  is 
j u d g e d  unsuitable for the task. A  similar a r g u m e n t  ca n  b e  applied to the unsuitability 
of the 7 8S e + isotope for s e l e n i u m  determinations. In addition, the applicability o f  
mathematical correction is said to b e  r e du ce d w h e n  applied to real samples. T h e  
presence of arsenic in s e r u m  s a m p l e s  further adds to the a r g u m e n t  against the use o f  
the mathematical correction technique w h e n  using the m / z  75 signal to correct for 
interferences o n  m / z  77.
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4.1.2. Ultrasonic nebuliser (USN)
T h e  U S N  used in this w o r k  has already b e e n  described in section 3.5.2. T h e  standard 
operating conditions o f  the U S N  are detailed below.
Ta b l e  4.1.2.1. U S N  operating conditions.__________________________________________
C E T A C  U - 5 0 0 0 A T  
ultrasonic nebuliser
O p e r a t i n g  conditions
S a m p l e  delivery rate 1 . 0  m l  m i n . " 1
Transducer frequency 1.4 M H z
M a i n  p o w e r 3 7 5  W
H e at in g temperature 1 4 0 ° C
C o ol in g temperature 0 ° C
Preliminary investigations fo r  the optimisation o f  instrumental parameters 
A s  with the study co n d u c t e d  using the V - g r o o v e  (high-solids) nebuliser ( V G N )  at the 
e n d  o f  Chapter 3, in w h i c h  the effect o f  N F R  o n  the 8 2S e + signal w a s  investigated, so 
a n  identical study w a s  p e r f o r m e d  for the U S N .  A s  with the V G N  a 10 p g  f 1 selenium 
standard in 1 %  v/v H N 0 3 w a s  nebulised. T h e  forward p o w e r  setting w a s  set at 1.1 k W  
a n d  the N F R  at 0.6 1 min.'1. T h e  s a m p l e  w a s  investigated using the 8 2S e + isotope a n d  
with careful attention to the 1 1 5 In+ internal standard. T h e  results for the signal 
response o n  the 8 2S e + isotope are s h o w n  in Figure .4.1.2.2.
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Figure 4.1.2.2. Instrumental signal response for variations in forward p o w e r  of the 
p l a s m a  a n d  N F R  for the 8 2S e + isotope using a  10 p g  I' 1 selenium standard in 1 %  v/v 
H N 0 3 with the U S N  as the m e t h o d  o f  s a m p l e  introduction.
T h e  trends for the U S N  are the s a m e  as those for the V G N .  T h e  increasing forward 
p o w e r  shifts the m a x i m a  to a higher N F R .  T h e  initial sharp increase in signal response 
with increasing forward p o w e r  b e t w e e n  1.1 k W  a n d  1.3 k W  is the s a m e  as seen with 
the V G N .  B e t w e e n  1.3 k W  a n d  1.5 k W  the signal increases slightly but finds a n  
o p t i m u m  ar o u n d  1.5 k W .  B e y o n d  1.5 k W  the o p t i m u m  signal begins to drop again as 
w a s  noted with the V G N .
T h e  spread o f  the 8 2S e + p e ak s wi th varying forward p o w e r  is less for the U S N  than 
with the V - g r o o v e  nebuliser. T h e  V - g r o o v e  nebuliser h a d  p e a k  m a x i m a  at 0.8 1 m i n . " 1 
for 1.1 k W  going u p  to 1.05 1 m i n . " 1 for 1.6 k W .  This spread of 0.25 1 m i n . ' 1 c o m p a r e s  
with a spread o f  only 0.15 1 m i n . ' 1 for the U S N .  This indicates that the V - g r o o v e  
nebuliser is less sensitive to c h a n g e s  in fo rw ar d power, than the U S N .  A l s o  the width 
o f  a p e a k  at a n y  given f o r w a r d  p o w e r  is w i d e r  for the U S N  suggesting that the U S N  is 
less sensitive to N F R  optimisation than the V G N .
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T h e  operation o f  the U S N  at l o w  N F R  causes physical pr ob l e m s  as well as po o r 
sensitivity. T h e  U S N  requires a N F R  a b o v e  -  0.70 1 m i n . ' 1 so as to prevent droplets 
co nd en si ng o n  the s a m p l e  delivery tube c o m i n g  out o f  the U S N ’s desolvation unit. 
Continual operation o f  the m a c h i n e  at N F R  <  0.70 1 m i n . ' 1 led to condensation 
followed b y  droplets being p u s h e d  fo rw ar d into the I C P  a n d  extinguishing it.
T h e  o p t i m u m  conditions for the 8 2S e + signal h a v e  altered very slightly with the 
im pl ementation o f  a  U S N .  T h e  o p t i m u m  conditions for the U S N  are 1.5 k W  forward 
p o w e r  a n d  1.05 1 m i n . * 1 N F R .
Sensitivity
T h e  signal response for 8 2S e + u n de r o p t i m u m  conditions has b e e n  s h o w n  to b e  -  3 5 0 0  
cts. sec . ' 1 per p g  I' 1 for the U S N  (Figure 4.1.2.2.). This c o m p a r e s  with only -  4 0 0  cts. 
sec . ' 1 per p g  I' 1 for the V G N .  T h e  increase in signal sensitivity b y  almost a n  order o f  
m a g n i t u d e  c o m p a r e s  favourably with the findings o f  O l s o n  e t a l . [1977] w h o  
demonstrated similar e n h a n c e m e n t s  in sensitivity with a U S N  used with I C P - A E S .  
T h e  signal/noise ratio is also greatly improved, despite increases in b a c k g r o u n d  noise 
levels, c o m p a r e d  with the pn e u m a t i c  nebulisers (~ 3 - 6 0 0  cts sec . ' 1 for the U S N  
c o m p a r e d  to 10 0 - 150 cts sec . " 1 for V G N ) .  Since the i m p r o v e m e n t  in sensitivity for 
the U S N  is a n  order o f  m a g n i t u d e  a n d  the b a c k g r o u n d  noise is increased only b y  -  3 - 
5 times, then the detection limit is also improved.
T h e  sensitivity o f  the I C P - M S  w h e n  the U S N  w a s  coupled to it varied e n o r m o u s l y  
f r o m  d a y  to d a y  a n d  w a s  attributed to the efficiency of the U S N .  T h e  positioning of 
the s a mp li ng tube onto the face o f  the transducer w a s  critical in achieving the desired 
fine mist f r o m  the s a m p l e  solution. T h e  sensitivity stated a b o v e  ( - 3 5 0 0  cts sec . ' 1 per 
p g  I" 1 selenium for 8 2S e +) w a s  a fairly conservative value. Sensitivities u p  to -  8 0 0 0  
cts sec . ' 1 per p g  F 1 w e r e  achieved o n  occasions. T h e  i m p r o v e m e n t  in analyte transport 
efficiency o f  the U S N  c a n  best b e  illustrated b y  c o m p a r i n g  it with the efficiency o f  the
1 4 6
V G N .  T h e  calibration plots o f  these t w o  m e t h o d s  of sa m p l e  introduction are s h o w n  
below.
[Se] (ng/itil)
Figure 4.1.2.3. Calibration plot o f  8 2S e + for a V G N  an d U S N  using identical standards 
for both techniques.
T h e  increased sensitivity wi t h  the U S N  is clear, as is the linearity o f  the plot for both 
the V G N  a n d  U S N  over the concentration range 0-20 p g  F 1 of selenium.
Spectroscopic interferences
Similar to the study o f  interferences co n d u c t e d  for the V G N ,  the U S N  w a s  assessed in 
terms of b a c k g r o u n d  signal a n d  sensitivity for a 1 0  p g  F 1 selenium standard (in 1 %  v/v 
H N 0 3).
T a bl e 4.1.2.4. Typical bl an k signal a n d  instrumental sensitivity (for a 10 p g  F 1 S e  
standard in 1 %  v/v H N 0 3) using the ultrasonic nebuliser as the m e t h o d  o f  s a m p l e  
introduction to the I C P - M S .  Standard conditions of 1.5 k W  forward p o w e r  a n d  1.05 1
m i n . " 1 N F R  apply.
Nebuliser
T y p e
Typical 
b l a n k  signal 
(cts. sec.'1)
T y
1 0
(cl
pical response for 
p g  F 1 S e  standard 
s. sec.'1)
7 6 7 7 7 8 82 7 6 7 7 78 82
Ultrasonic 
nebuliser ( U S N )
1 9 0 0 0 5 5 0 3 0 0 0 4 4 0 8 9 0 0 0 9 7 5 0 0 1 8 5 0 0 0 7 6 0 0 0
1 4 7
T h e  b a c k g r o u n d  signals for m / z  7 7  a n d  82 are still l o w  at ~  5 5 0  a n d  4 4 0  cts. sec . ' 1 but 
significantly higher than those for the V G N  (100-150 cts sec.'1). All o f  the m a s s e s  
investigated ha v e  slightly higher blank signals with the U S N  than those for the V G N .  
This is especially noticeable for the signals o n  m / z  7 6  a n d  78. This is probably d u e  to 
greater water va po ur loading, leading to increased polyatomic ion formation as 
demonstrated b y  Z h u  a n d  B r o w n e r  [1988].
A  repeat experiment w a s  carried out to that discussed earlier in the chapter for the 
V G N .  T h e  m a c h i n e  w a s  set-up with the o p t i m u m  conditions for the U S N  w h e n  
analysing selenium using the s2S e + isotope. A  10 p g  I 1 selenium standard (in 1 %  
H N O 3 a n d  containing 10 p g  f 1 i n d i u m  a n d  rubidium as internal standards) w a s  
nebulised using the U S N  a n d  w a s  spiked with 0 . 1 %  H C I  so as to provide the 
interfering C f  o n  m / z  77. A g a i n  the N F R  w a s  varied b e t w e e n  0.60 1 m i n . ' 1 a n d  1.20 1 
m i n . ' 1 at 0.05 1 min. 1 increments. Signal counts w e r e  m e a s u r e d  o n  m / z  75, 76, 77, 78, 
82, 83 a n d  115. T h e  results are gr ap he d in Figure 4.1.2.5.
Nebuliser flow rate (1/min.)
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Figure 4.1.2.5. Signal response at 1.5 k W  forward p o w e r  o n  m / z  76, 77, 7 8  a n d  82 
with varying N F R  w h e n  using the U S N  as the m e t h o d  o f  s a m p l e  introduction to the 
ICP. T h e  m / z  7 7  signal appears o n  the secondary axis.
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S o m e  similarities a n d  striking differences c a n  b e  seen in this set o f  results c o m p a r e d  
to those obtained in the Figure 4.1.1.7. w h e r e  the V G N  w a s  us ed for s a m p l e  
introduction: -
(i) the ‘true’ S e + signals ap pe ar at b e t w e e n  1.00 an d  1.05 1 m i n . ' 1 N F R  as with the 
V G N  a n d  is best seen o n  the 8 2S e + p e a k  w h i c h  peaks at 1.05 1 min.'1. This w a s  
c o nf ir me d as the ‘true5 p e a k  b y  the examination o f  the 1 1 5In+ a n d  8 5R b + 
internal standard peaks, w h i c h  also reached o p t i m u m  signal intensity at a 
slightly lower 1.00 1 m i n . ' 1 N F R ;
(ii) as previously mentioned, the ob served peaks w h e n  using the U S N  are broader 
a n d  less sensitive to variations in N F R  than with the V G N .  This is also true of 
the interfering peaks. T h e  A r 2+ a n d  A r C l + interferences o n  m / z  76, 7 7  a n d  7 8  
h a v e  all appeared together again, but have shifted to a n  o p t i m u m  intensity at a 
higher N F R .  T h e  A r 2+ interfering peaks n o w  appear at a n  o p t i m u m  N F R  of 
0.85 - 0.90 1 m i n . ' 1 c o m p a r e d  to 0.70 -0.75 1 m i n . ' 1 with the V G N .  This 
causes a p r o b l e m  o f  serious overlap of the interfering a n d  ‘true’ peaks. T h e  
interfering a n d  ‘true’ p e ak s w e r e  easily distinguishable with the V G N  as in 
Figure 4.1.1.7. T h e  total signal o f  the m / z  7 8  pe a k  is difficult to differentiate 
as there are contributions f r o m  the interfering 40A r 3 8A r + a n d  the 7 8S e + 
c o m b i n i n g  to give the ‘shouldered’ p e a k  observed;
(iii) the m a g n i t u d e  o f  the A r 2+ interfering peaks is far greater with the U S N  than 
with the V G N .  T h e  signal intensity o f  the pe a k  at m / z  7 6  (0.85 1 m i n . ' 1 N F R )  is 
almost twice the size o f  that for the m / z  7 6  pe ak (0.75 1 m i n . ' 1 N F R )  for the 
V G N .  T h e  increase in m a g n i t u d e  o f  the m / z  76 p e a k  using the U S N  over that 
for the V G N  is probably d u e  to factors, such as, increased water va po ur 
loading to the plasma. T h e  m a g n i t u d e  of the m / z  7 6  p e a k  could b e  reduced b y  
lowering the f o rw ar d p o w e r  to the p l a s m a  w h i c h  tends to reduce polyatomic 
interferences, but at the e x p e n s e  o f  the S e + signal;
(iv) if the m a g n i t u d e  o f  the signals o n  m / z  7 8  a n d  82 at 1.05 1 m i n . ' 1 are c o m p a r e d  
in terms o f  the isotopic a b u n d a n c e  o f  selenium, then the ratios are not equal to
O') *70  ^ ^
their natural a b u n d a n c e  (observed “S e  : Se ratio =  0.43). T a k i n g  the
82 E  78 E" *
S e  : S e  ratio either side o f  the o p t i m u m  N F R  do es not i m p r o v e  the ratio.
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T h e  natural ratio o f  8 2S e + :7 8S e + is 0.39:1 (natural a b u n d a n c e  9 . 2 %  c o m p a r e d  to 
23.6%). It w o u l d  b e  expected that the ratio w o u l d  b e  l o we r than the natural 
a b u n d a n c e  ratio d u e  to the presence o f  40A r 3 8A r + interference. T h e  m o s t  likely 
cause of the deviation f r o m  the ex pected signal ratios w o u l d  b e  a n  increase in 
the m / z  82 signal f r o m  8 2K r + or 40A r 2H 2+ interference. Investigation o f  the 
8 3K r + signal s h o w e d  a n o r m a l  count rate o f - 1 8 0  cts. sec . " 1 at 1.05 1 min.'1.
This does not account for the increased m / z  82 signal a n d  so the increased 
formation o f  A r 2H 2+ s e e m s  the m o s t  likely source. This interferent is 
particularly difficult to m o ni to r as w e  w o u l d  n e e d  to k n o w  the ratio of 
formation o f  A r 2H +: A r 2H 2+ so as to subtract the m / z  81 signal f r o m  the m / z  82
O 1
signal. This is also a s s u m i n g  that the s a m p l e  contains n o  b r o m i n e  ( B r  =  49.3 
%  natural a b u n d a n c e )  a n d  the e n o r m o u s  40A r 2+ p e a k  at m / z  80 did not overlap 
the m / z  81 peak. Subtraction o f  the bl an k signal o n  m / z  82 w o u l d  not b e  
sufficient as it has already b e e n  s h o w n  the formation o f  the interfering signals 
is also depe nd en t o n  the operating parameters of the m a c h i n e  a n d  water 
v a p o u r  loading. A l t h o u g h  these findings bring into do ub t the applicability o f  
8 2S e + for selenium determinations, they d o  suggest the possible use o f  7 8S e +;
(v) the use o f  mathematical correction is inappropriate as it s e e m s  w e  d o n ’t 
ha v e  a n  isotope that isn’t clear o f  interferences;
(vi) the i m p r o v e m e n t  in analyte transport efficiency with the U S N  also m e a n s  that 
the u n w a n t e d  parts o f  the s a m p l e  matrix (Cf) are also nebulised with far 
greater efficiency. This is de mo ns tr at ed b y  the increase in the 40A r 3 7C l + signal 
o n  m / z  7 7  at 0.85 1 m i n . ' 1 N F R .  T h e  signal intensity at this point has increased 
f r o m  -  35,000 cts. sec . ' 1 with the V G N  ( N F R  =  0.70 -0.75 1 min.'1) to 2 3 0, 00 0 
cts. sec . ’ 1 for the U S N  ( N F R  =  0.85 1 min.'1). T h e  formation o f  the interfering 
A r C l + interferences h a v e  s h o w n  a  m o r e  than six a n d  a half fold increase in 
intensity with the U S N .  This is greater than the increase in sensitivity for the 
determination o f  the 8 2S e + signal. T h e  increase in sensitivity for the formation 
o f  A r C l + c o m p a r e d  to ‘true’ s e l e n i u m  signals is d u e  to ch an ge s in the p l a s m a  
favouring the formation o f  po ly at om ic ions. This has b e e n  s h o w n  to b e  true 
for the A r 2+ as well as the A r C l + species. A n  increase in polyatomic ion
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formation is usually observed with a n  increase in forward p o w e r  to the 
plasma, ho wever, this is not the case here. T h e  ratios o f  m / z  75:77 signals are 
still consistent with the isotopic a b u n d a n c e  of 3 5C1 a n d  3 7C1 so a c c o m p a n y i n g  
interferences ca n  b e  ruled out. U n d e r  o p t i m u m  ‘true’ signal conditions (1.5 
k W  a n d  1.05 1 m i n . ' 1 N F R )  the signal ratio for m / z  82:77 is 0.73:1 (natural 
a b u n d a n c e  1.21:1). This is far w o r s e  than the ratio obtained with the V G N  
w h i c h  although it d i d n ’t m a t c h  the natural a b u n d a n c e  ratio it w a s  a lot closer 
at 0.93:1. This decrease in the 8 2S e +:7 7S e + ratio is d u e  to the increased size a n d  
proximity of the interfering 4 0A r 3 7C l + p e a k  overlapping the ‘true’ 7 7 S e + to a far 
greater extent with the U S N  than with the V G N ;
(vii) the rate of formation o f  the interfering polyatomic ions A r 2+ a n d  A r C l + w a s  
not only d e pe nd en t heavily o n  the N F R  but also o n  the forward p o w e r  to the 
p l a s m a  as ca n  b e  seen in Figure 4.1.2.6.
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Figure 4.1.2.6 . Instrumental signal response of the m / z  7 7  signal at varying N F R  a n d  
forward p o w e r s  for the U S N .  T h e  signal f r o m  m / z  75 (not presented here) is identical 
in shape a n d  position but is three times greater du e to the greater a b u n d a n c e  o f  3:>C1.
T h e  a b o v e  results agrees with the findings for the V G N  in that the formation o f  the 
A r 2+ a n d  A r C l + ions increase with forward p o w e r  in the s a m e  w a y  that the ‘true’ 
analyte signal does. Un l i k e  the ‘true’ signal the increase in the rate o f  formation o f  the 
A r C l + interferent appears to b e  linear with increasing forward p o w e r  (Figure 4.1.2.6 .). 
A t  1.6 k W  forward p o w e r  the signal d u e  to A r C l + is still increasing w h e r e a s  the signal
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o n  8 2S e + reached a plateau at 1.5 k W  a n d  b e g a n  to decrease at 1.6 k W .  This agrees 
with findings that ‘hotter’ p l as ma s p r o d u c e  greater a m o u n t s  of polyatomic ions a n d  
e n ha nc es the a r g u m e n t  for ‘cool’ p l a s m a s  to reduce polyatomic ion formation. T h e  
shift to higher N F R  o f  the o p t i m u m  rate o f  formation for polyatomic ions with 
increasing forward p o w e r  is also seen. T h e  use of cooler pl as ma s at 1.1 k W  does not 
reduce the formation o f  A r C l + contribution o n  m / z  7 7  to such a degree as to allow the 
use o f  m / z  7 7  for selenium determinations. This w a s  confirmed b y  investigating the 
signal ratio o f  8 2S e +:7 7 S e + at lower forward p o w e r s  w h e r e  i m p r o v e m e n t s  in the 
8 2S e +:7 7 S e + w e r e  not seen.
Finally, to characterise the A r A r + interferent the signal o n  m / z  7 6  w a s  investigated a n d  
the results are presented in Figure 4.1.2.7. M / z  7 8  w a s  not used as the contribution 
f r o m  7 8S e + confuses the investigation o f  the A r 2+ signal.
Nebuliser flow rate (1/min.)
Figure 4.1.2.7. Instrumental signal response to variations in forward p o w e r  to the 
p l a s m a  a n d  N F R ,  for the m / z  76.
T h e  signal response f r o m  the m / z  7 6  signal, o f  w h i c h  the majority is 4 0A r 36A r +, s h o w s  
similar characteristics to the formation o f  the ‘true’ analyte a n d  polyatomic signals. 
A s  with the formation o f  the ‘true’ analyte signal the signal response increases 
dramatically b e t w e e n  1.1 a n d  1.3 k W  but thereafter plateau’s out. A t  1.6 k W  the ‘true’ 
analyte signal (taking 8 2S e + for e x a m p l e )  tends to decrease slightly but with the A r 2+
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interferent the signal r e ma in s almost the s a m e  as at 1.5 k W .  This similarity to the 
‘true’ analyte signal is different f r o m  the A r C l 4 interferent w h i c h  tends to increase 
linearly with forward power. H o w e v e r ,  the A r 2+ signal does share the s a m e  o p t i m u m  
N F R  as the A r C l + species.
In s u m m a r y ,  the o p t i m u m  conditions for the analysis o f  8 2S e + are 1.5 k W  forward 
p o w e r  a n d  1.05 1 m i n , ' 1 N F R .  T h e  isotopes, 7 6S e + a n d  7 7S e + suffer, to a varying degree 
o f  seriousness, f r o m  po ly at om ic ion interferences. T h e  polyatomic ion interference is 
m o r e  p r o n o u n c e d  with the U S N  than those observed with the V G N .  U n d e r  n o r m a l  
operating conditions the use o f  7 8S e + b e c o m e  a possibility as signal/noise ratios for 
this isotope h a v e  b e e n  greatly i m p r o v e d  with the U S N .
4.1.3. H y d r i d e  g e n e ra ti on ( H G )
T h e  s o d i u m  tetrahydroborate reductant solution w a s  freshly prepared each d a y  b y  
dissolving a certain o f  s o d i u m  tetrahydroborate pellets in 1  litre o f  a 0 .6 %  m / v  s o d i u m  
hydroxide solution a m o u n t  ( N a B H 4 concentration varied with conditions, see later 
sections). T h e  s o d i u m  hy droxide solution w a s  prepared using deionised water into 
w h i c h  6 . 0  m l  o f  saturated s o d i u m  hydroxide w a s  a d d e d  prior to m a k i n g  u p  to 1  litre. 
T h e  stability of  the borohydride solution w a s  questionable but previous studies h a v e  
f o u n d  that N a B F f l  solutions, that h a v e  b e e n  stabilised with N a O H  a n d  stored in glass 
containers in a refrigerator, h a v e  still b e e n  stable several w e e k s  later [Nakahara, 1985; 
Zh a n g ,  1996b].
Preliminary investigations
Initial m e a s u r e m e n t s  s h o w e d  that the gas-liquid separator provided with the G B C  
H G 3 0 0 0  instrument a n d  w h i c h  w a s  designed for use with A A S ,  w a s  unsuitable for use 
with the I C P - M S .  P r o b l e m s  included droplets forming in the hydride delivery tube 
b e t w e e n  the separator c a p  (on top o f  the gas-liquid-separator) a n d  the I C P  torch. T h e  
droplets w e r e  f o r m e d  f r o m  the vigorous reaction taking place in the separator a n d  
subsequently forced bubbles u p  the central c o l u m n  o f  the separator a n d  into the
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delivery tube. T h e  resulting droplet eventually b e c a m e  so large that it bl oc ke d the 
delivery tube a n d  w a s  forced along the tube b y  the pressure o f  the carrier gas. T h e  
dr o p  blocking the hydride delivery tube (measuring -  1 - 2  m m  across) w a s  then 
introduced straight into the torch injector tube a n d  directly into the plasma. This 
overloaded the p l a s m a  a n d  extinguished it. Eventually the p r o b l e m  w a s  o v e r c o m e  b y  
constructing a gas-liquid separator wi th dimensions twice that o f  the original (height 
1 0 0  m m ,  width 3 0  m m ) ,  whilst also reducing the length o f  the drain tube. T h e  effect 
these changes h a d  w e r e  to allow a larger v o l u m e  in the central channel o f  the gas- 
liquid separator w h i c h  prevented bubbles entering the separator cap. Secondly, b a c k ­
pressure f r o m  the drain tube w a s  r e d u c e d  b y  shortening the tube to o n e  third its 
original length, thus reducing back-pressure to the gas-liquid separator a n d  lowering 
the height o f  liquid in the central reaction channel.
T h e  other modification m a d e  to the hydride generation instrument for the introduction 
o f  sa mp le s to the I C P  include the use o f  a  ‘ Y ’ piece at the entrance to the injector tube 
for the torch. T h e  purpose o f  this w a s  to introduce an internal standard via the V G N  
a n d  spray c h a m b e r  without ha vi ng to rely o n  a hydride f o r m i n g  el em en t as a n  internal 
standard. T h e  influence o f  this modification will b e  discussed later.
A n  initial study w a s  undertaken to investigate the uptake a n d  w a s h o u t  times for the 
system using a selenium standard in conjunction with time resolved analysis o n  the 
I C P - M S .  T h e  instrument w a s  m a n u a l l y  set to monitor m / z  8 2  prior to setting the 
c o m p u t e r  software to scan a large portion o f  the m a s s  range for a long dwell time. T h e  
parameters of channels per a.m.u., dwell time per channel a n d  m a s s  range all 
multiplied together ga v e  the total scan time, w h i c h  for these purposes w a s  14 0 
seconds. O n c e  the scan h a d  b e e n  started the m a c h i n e  w a s  switched f r o m  ‘r e m o t e ’ to 
‘local’ so that only m / z  8 2  w a s  scanned. Thus, a continuous scan o f  m / z  82 w a s  
p e r f o r m e d  for over t w o  minutes. U p t a k e  w a s  delayed d u e  to the s a m p l e  passing 
through the sampling tube, a r o u n d  the reaction loop a n d  into the gas-liquid separator 
a n d  finally into the ICP. A n  initial signal increase w a s  noted at 3 5  seconds with a 
rapid climb in signal response until a stable level is achieved at approximately 60-70
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seconds after the initial sampling. Similarly the washout time o f the system was 
investigated to ensure reduction o f the sample signal was rapid and absolute so that no 
residual or ‘memory effect’ was observed with selenium analysis using this system. 
The sample washout time shows a rapid drop in the signal to below 1% of the original 
signal within 70 seconds (Figure 4.1.3.1.) The parameter o f sample flow rate could 
not be adjusted easily as the GBC HG3000 system had a fixed speed for the peristaltic 
pump head and the tubing supplied was specific to the apparatus and not readily 
altered.
Figure 4.1.3.1. Sample washout time for a 10 pg I"1 selenium standard. Washout is 
performed using a 1% (v/v) H N 0 3 solution.
The rates o f sample uptake and washout were similar if  not slightly quicker than those 
investigated by Zhang and Combs [1996a] where they used the installed spray 
chamber as a gas-liquid separator. In their study they were interested in all the hydride 
forming elements, some o f which are known to be ‘sticky’, such as, tin or mercury 
[GBC, 1990].
The importance o f a rapid sample uptake is appreciated when sample consumption is 
considered. The rate o f  sample consumption is approximately 10 ml m in.'1 which 
requires either a large original sample volume or dilution o f the sample to provide 
enough volume for uptake, stabilisation o f the signal and analysis. This would 
normally equate to about 50 ml o f sample volume. Secondly, the use o f expensive
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pure hydrochloric acid also has to be considered in the analysis, as -  2 ml min."1 is 
used for the HG technique. The use o f HCI for the HG system also continues in the 
sample washout time. In addition, the production o f large volumes o f  acidic waste 
should be minimised. The washout therefore has to be rapid and efficient to minimise 
the sample turn-around time and hence cost.
Careful attention to possible interference from otherwise benign influences had to be 
taken into account for the HG system. On occasions the background signal on m/z 82 
was seen to be particularly high (tens o f thousands o f cts. sec.'1) and was traced to 
either a contribution from 40Ar2H2+ or 81BrH+. This has also been noted by Zhang and 
Combs [1996b] who corrected the m/z 82 signal using the ratio of formation o f 81BrH+ 
to 81Br+. The presence o f bromine is less likely in this study as high quality reagents 
and standards were being used. However, the VGN was running at the same time as 
the HG, which could have carried bromine from the solution being analysed. The 
possible contribution from bromine in the sample has to be considered as blood serum 
contains about 3.9 pg ml"1 bromine (1.04 -7.5 pg m l'1) [Iyengar, 1978]. Overall, it 
seems more likely that the presence o f  hydrogen from the HG caused a far greater 
population of hydrogen than normally experienced which would lead to increased 
formation o f Ar2Hv+ polyatomic ions. On further investigation o f m/z 81 the 
background signal showed a far greater abundance which could be 81Br+ or the 
A fy W  Finally the examination o f m/z 79 for the presence o f 79Br+ (natural 
abundance 50.7%) showed a count which was far lower than that on m/z 81 so 
lessened the argument for the possibility o f bromine containing polyatomics. 
Mathematical correction using the m/z 81 count to compensate for Ar2H2+ formation 
on m/z 82 was unsuitable as the calculation would be dependent on a stable ratio o f 
formation for Ar2H+:Ar2H2+. This approach is fraught with problems, such as, 
variations in the degree o f  overlap on m/z 81 by the enormous Ar2+ peak at m/z 80 as 
well as changes in plasma conditions altering the Ar2H+:Ar2H2+ ratio o f  formation.
The effect of changing carrier gas flow (measured as gauged pressure in the argon 
supply line) in terms o f signal intensity and stability for the hydride system was
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investigated. The carrier gas (argon) flow to the hydride generator was controlled by a 
mass flow controller and varied between 50 and 420 KPa, in —50 KPa increments. The 
results o f the variations in carrier gas flow pressure and the effect it has on signal 
intensity and stability are shown in Figure 4.1.3.2.
C a r r i e r  g a s  f lo w  p r e s s u r e  (K P a )
Figure 4.1.3.2. Signal response (cts. sec."1 and error bars showing 35 signal) for a 10 
pg I '1 selenium standard with varying carrier gas flow rate for the hydride generator.
Increasing the carrier gas flow to the HG appears to greatly improve the sensitivity 
and stability o f the HG system. Specifications by GBC advised against the use o f 
higher gas flow rates so the maximum pressure used was 420 KPa. This achieved an 
almost two fold increase in sensitivity as well as a substantial improvement in the 
short-term stability o f the signal. The improved performance of the system, in terms o f 
sensitivity and stability, is probably due to better maintenance o f the gas flow by the 
internal mass-flow controller within the HG3000. The smooth transfer o f the gaseous 
reaction products to the plasma has been shown to be o f the utmost importance in 
achieving a maximum selenium signal that also shows good stability.
The concentration o f reagents used for the hydride generation significantly affect the 
sensitivity and stability o f the technique for sample introduction to ICP-MS 
[Janghorbani, 1989; Olivas, 1995; Rayman, 1996; Zhang, 1996a and b] as well as for
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other techniques, such as, AAS [McLaughlin, 1990], The concentrations o f the NaBH4 
and HCI reagents were investigated for the optimum formation o f hydrogen selenide. 
The concentration o f NaBFL* was varied between 0.1 and 2% and the signal response 
on 82Se+ investigated along with the relative standard deviation (% RSD) o f that 
signal. The results are shown in Figure 4.1.3.3. with the % RSD o f the 82Se+ signal 
appearing on the secondary axis.
C o n c e n t r a t i o n  o f N a B H 4  ( % )
 h — 8 2 S e -----------------% R S D
Figure 4.1.3.3. Signal response o f a 10 pg F1 selenium standard to variations in the 
concentration o f the NaBH4 used to generate the hydride.
The formation of hydrogen selenide seems to prefer a NaBH4 concentration o f about 
0.8 - 1%. At this concentration the signal shows fairly reasonable short-term stability 
with a 5% RSD. It was noted that with increasing concentration o f NaBH4 the plasma 
began to flicker and the reflected power increased and fluctuated quite heavily (10 ± 5 
watts). This visual observation o f  the plasma instability manifested itself in the results 
as a decreasing signal stability at higher NaBH4 concentrations. The optimum 
conditions for signal response and precision were achieved at a concentration o f 0.8% 
m/v NaBH4.
Similarly, the HCI concentration was varied for the analysis o f 82Se+ using a standard 
solution. Concentrated HCI, 36%, (Aristar, BDH) was diluted by adding it to 
deionised water to give concentrations o f 3.6, 7.2, 14.4, 21.6, 28.8 and 36% v/v HCI.
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This was introduced into the hydride system in conjunction with 0.8% NaBH4 and a 
10 pg r l selenium standard (Figure 4.1.3.4.).
[HCI] %
 1-— 82Se------------%RSD
Figure 4.1.3.4. Signal response o f a 10 pg F1 selenium standard to variations in the 
concentration o f the HCI used to generate the hydride.
It is clearly shown in Figure 4.1.3.4. that increasing the concentration o f HCI used in 
hydride formation greatly improves the response o f the system, both in terms of signal 
response and stability. Signal response is improved almost by an order o f magnitude 
between 3.6% HCI and the concentrated 36% HCI. This is consistent with work done 
by Agterdenbos and Bax [1986] where they reported that the limiting step in the 
fonnation o f hydrogen selenide is the rate at which the NaBH4 decomposes, which in 
turn is proportional to the hydrogen ion concentration. Hence, with increased [H+] so 
the selenium signal intensity improves.
In addition to the improved response o f the hydride forming system with higher HCI 
concentrations is the benefit o f concentrated HCI reducing SeVI to SeIV which is 
essential for the reduction to hydrogen selenide [Rayman, 1996], Hydrochloric acid 
concentrations above 4.5 mol. dm'3 reduce SeVI to Serv with complete reduction at 6.5 
mol. dm '3.
Finally, as previously mentioned at the beginning o f this section a glass ‘ Y’ piece was 
connected between the outlet o f the hydride delivery tube and the torch. The other
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branch on the *Y’ piece had the outlet from the spray chamber attached to it as in 
Figure 4.1.3.5.
From Hydride Generator
Figure 4.1.3.5. Apparatus set-up for the introduction o f the hydride and nebulised 
- internal standard to the ICP.
The purpose o f this adaptation o f the apparatus was to be able to introduce a non­
hydride forming internal standard so that instrumental performance, especially plasma 
stability and instrumental long-term stability could be continuously monitored. In HG- 
ICP-MS analysis the importance o f internal standards is especially important as small 
fluctuations in the gas transport (hydride + hydrogen + carrier gas) may affect the 
plasma temperature and hence ion population. Once the introduction o f water vapour 
from the nebulised internal standard was introduced into the plasma a great 
improvement in the sensitivity o f the system was observed. On further investigation 
this was confirmed for all forward power and NFR settings. The degree of 
improvement o f the wet plasma compared to the dry plasma varied enormously 
depending on the forward power applied to the plasma. The maximum signal intensity 
tended to stay at the same NFR for wet and dry plasmas at any constant forward 
power. Further investigation o f the effect adding the water vapour to the hydride in 
ICP will be discussed in the next section.
Sensitivity
As with the VGN and USN methods o f sample introduction the sensitivity o f the HG 
method was evaluated using certain variables. Unlike the previous methods o f sample 
introduction it is unsuitable to give ‘typical’ background and signal response values
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for the isotopes o f selenium when using the HG as the variability o f the sensitivity o f 
the system was such that the numbers given would vary enormously from day to day 
and within day investigations. However, it is possible to give some indication o f the 
improvement in sensitivity o f the method by investigating the signal to background 
ratios for the techniques. Background signals were between 1 0 -2 0  times higher for 
the HG system compared to VGN whilst the signal-to-background ratio for the HG 
was some 30 - 50 times greater than the VGN. This figure is comparable to the 
findings by Janghorbani [1989] and Powell [1986].
In the same manner as the VGN and USN were investigated for signal response to 
variations in forward power and NFR, so the same was conducted for the HG. For this 
investigation the higher background signal for the HG system has given rise to the 
results being quoted as signal to noise ratios rather than raw counts which were 
quoted for the VGN and USN.
N e b u l i s e r  f lo w  r a t e  (1 /m in .)
— O — 1.1 k W  - O — 1.3 k W  — A—  1.5kW
Figure 4.1.3.6. Signal/Noise (S/N) response on 82Se+ for a 10 pg F1 selenium standard 
using the HG3000 hydride generator with varying nebuliser flow rate and forward 
power applied to the plasma. The signal/noise ratio is plotted as the background signal 
is far greater for the HG than the VGN or USN, thus it is prudent to present S/N data.
Various important observations can be made:-
(i) all o f the optimum peaks are at higher NFR than their counterparts in VGN 
and USN studies. This is probably due to the presence o f hydrogen from the 
hydride generation system raising the temperature o f the plasma which in turn
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leads to excitation and ionisation earlier in the plasma [Ek, 1996]. This leads 
to a reduction in the depth at which the optimum analyte zone (M+) appears in 
the ICP. The M + zone is drawn closer to the torch as molecular hydrogen (or 
water droplets) enters the plasma [Nowak, 1988; Schram, 1996] requiring a 
higher NFR to push the M+ zone forward again to achieve optimum 
sampling o f the plasma;
(ii) the optimum forward power for the hydride system o f sample introduction is 
at 1.3 kW for a dry plasma. As with the VGN and USN a significant increase 
in signal response is observed between 1.1 and 1.3 kW forward power. 
However, unlike the optimum signal observed with the VGN and USN (1.5 
kW, with only a slight increase in sensitivity between 1.3 and 1.5 kW) the 
hydride shows a distinctive drop in signal/noise response after 1.3 kW. Further 
investigation confirmed a slight signal drop between 1.3 and 1.5 kW. The 
observed large difference in the S/N ratio was accentuated by the higher 
background signal observed at 1.5 kW  forward power. This observed increase 
in noise at higher forward powers is consistent with findings in the literature 
[Ek, 1996]. The observed decrease in signal response with increasing forward 
power (1.5 kW - 1.6 kW) seen in VGN and USN studies seems to be occurring 
at lower forward powers for the hydride system. This is again probably due to 
the changes in plasma conditions caused by the introduction o f the hydride.
Having previously noticed the effect that the addition o f water vapour has to the signal 
response when combined with the hydride system, it was felt prudent to investigate 
the same parameters o f forward power and NFR for wet and dry plasmas. In this 
experiment the same procedure was used as with previous forward power and NFR 
studies except that the experiment was repeated for wet and dry plasma conditions. 
The results are shown for 1.1, 1.3 and 1.5 kW forward powers using a 10 pg l."1 
selenium standard (Figures 4.1.3.7. a, b and c.).
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N e b u l i s e r  f lo w  r a t e  (1 /in in .)
Figure 4.1.3.7.(a) Signal response on 82Se+ for a 10 pg I"1 selenium standard using 
varying NFR under dry and wet plasm a conditions at 1.1 kW forward power.
—O— Dry 
—A— Wet
N e b u l i s e r  f lo w  r a t e  (1 /m in .)
Figure 4.1.3.7.(b) Signal response on 82Se+ for a 10 pg I"1 selenium standard using 
varying NFR under dry and wet plasm a conditions at 1.3 kW forward power.
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Figure 4.1.3.7.(c) (Previous page) Signal response on 82Se+ for a 10 pg F1 selenium 
standard using varying NFR under dry and wet plasma conditions at 1.5 kW forward 
power.
The following observations can be made from the results o f this experiment:
(i) as expected the dry plasma conditions follow those previously observed in 
Figure 4.1.3.6. where the signal response (82Se+) is greatest at 1.3 kW forward 
power;
(ii) the addition o f water vapour from the nebulised internal standard solution 
forces the optimum signal response up to 1.5 kW as seen with the VGN and 
USN. The presence o f water vapour in the plasma shifts the optimum forward 
power peak to a higher level as extra energy is required to dissociate, excite 
and ionise the water and its constituents. However, this would tend to imply 
that the presence o f water vapour would shift the optimum M* zone away 
from the torch as more time is required in the plasma for dissociation, 
excitation and ionisation to occur. I f  this was the case then a shift to a lower 
NFR would also be observed so as to draw the M+ zone back towards the 
torch. This is not seen as all the optimum peaks appear at the same NFR for 
wet and dry plasmas;
(iii) the signal response is consistently higher for wet plasma conditions 
compared to dry a plasma;
(iv) the background signal under w et plasma conditions is consistent with those 
under dry conditions except for the 1.5 kW forward power study. At a forward 
power o f 1.5 kW the observed background signal is seen to increase for the dry 
plasma (20% increase) over the background signal for 1.3 kW dry plasma, as 
already seen in Figure 4.1.3.6. However, the background signal for the wet 
plasma between 1.3 and 1.5 kW forward power shows a more dramatic 
increase in noise (37% increase) than that observed for the dry plasma;
In summary, for the purposes o f further studies a wet plasma is favoured (allowing 
internal standardisation and improved sensitivity) at 1.3 kW forward power (a
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compromise between improved signal response and background signal) and a NFR of 
1.30 1 m in.'1 .
Spectroscopic interferences when using the hydride generator 
The benefit o f greatly improved sensitivity for the determination of selenium when 
using the HG system has already been proven. The other great benefit o f using the HG 
system is matrix removal. This would directly affect the 77Se+ signal due to the 
interference from 40Ar37Cl+. However, the use of the HG system would not remove the 
interference 40Ar36Ar+ and 40Ar38Ar+ which originate from the plasma gas. The 
following experiment was carried out to:
(i) determine the ability o f the HG system to isolate the analyte from the matrix;
(ii) improve signal sensitivity on 76Se+ and 78Se+ so as to allow their use in routine 
analysis.
The experiment was carried out using a 10 pg F1 selenium standard, which was 
analysed using the HG-ICP-MS system. The raw signal count for each of the selenium 
isotopes was investigated. 80Se+ was not investigated as the signal response from this 
m/z number contains the interference 40Ar40Ar+ which would cause the electronic 
safeguard on the multiplier detector to ‘trip’. 74Se+ was ignored as the abundance o f 
this isotope is so low. Germanium (74Ge = 36.5% natural abundance) was used as an 
internal standard.
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Figure 4.1.3.8. Signal response on 76Se+, 77Se+, 78Se+ and 82Se+ as a function o f NFR. 
Optimum instrumental conditions o f 1.3 kW forward power, 1.30 1 m in.'1 NFR and the 
nebulised internal standard apply to this study.
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The isotope ratios achieved at this concentration o f selenium standard closely match 
those found naturally. The ratios o f 82Se+:xSe+ are given in Table 4.1.3.9. (where x  = 
76Se+, 77Se+ or 78Se+).
Table 4.1.3.9. Natural abundance ratios o f selenium isotopes and those achieved using 
HG-ICP-MS ([Se] = 10 pg I'1).
82Se+:76Se+ 82Se+:77Se+ 82Se+:78Se+
Natural abundance ratio 1.022 1.210 0.389
Ratio achieved with HG 1.125 1.330 0.395
All o f the ratios are very close to those found naturally but there seems to be a very 
slight positive bias throughout. This may well be due to an interferent on m/z 82 
which has been discussed elsewhere. The concentration o f selenium chosen for this 
study was the same as for the other methods o f sample introduction, thus enabling a 
fair comparison. However, when the HG technique is to be applied the sample volume 
requirements for the HG are some five to ten-fold higher for the HG than the VGN or 
USN. For this reason an identical experiment was carried out as above but with a 
selenium concentration o f 1 pg l."1. The isotope ratios for this experiment are given in 
Table 4.1.3.10.
Table 4.1.3.10. Natural abundance ratios o f selenium isotopes and those achieved 
using HG-ICP-MS ([Se] = 1 ng I'1).
82Se+:76Se+ 82Se+:77Se+ 82Se+:78Se+
Natural abundance ratio 1.022 1.210 0.389
Ratio achieved with HG 0.911 1.118 0.381
The ratios are still very good and agree closely with the naturally abundant ratios. 
However now that a negative bias is present throughout suggests the known 
interferences on m/z 76, 77 and 78 are starting to have an influence on the 82Se+:xSe+ 
ratios.
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In summary, the enormous improvement in analyte transport efficiency with the HG 
system has been realised when determining selenium. However, this has to be put into 
context when considering the total sample volume required for analysis (-50  ml)
The 78Se+ isotope has presented a greater argument for its utilisation as its S/N ratio 
been greatly improved by the HG system.
The optimum instrumental and chemical parameters for the HG system have been 
determined and are summarised in Table 4.1.3.11.
Table 4.1.3.11. Optimum chemical and instrumental parameters for the HG-ICP-MS
Parameter Experimentally determined optimum value
Sample washout time 2 minutes
Carrier gas flow pressure 420 KPa
NaBH4 concentration 0.8 % m/v
HCI concentration 36%
Internal standard 74Ge+ (separately nebulised).
4.2. E v a l u a t i o n  a n d  O p t i m i s a t i o n  o f  O r g a n i c  S o l v e n t  A d d i t i o n  
M e t h o d
As previously discussed at the end o f section 3.4. the addition o f organics (normally 
simple alkanes, alkenes or alcohols) has been reported to enhance signal sensitivity 
and reduce polyatomic interference for various elements. For the purposes o f this 
study it was decided to restrict the experiments to easily handled organic solvents so 
removing the danger o f flammable gases, such methane [Hill, 1992] or ethene [Ebdon, 
1994] and the need for further gas flow controllers. In addition, the use o f liquids 
allows the investigation o f improvements in analyte transport efficiency due to 
improved nebulisation o f  the organic containing liquid sample.
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In this work the addition o f a suite o f  organic materials (methanol, ethanol, propan-2- 
ol and phenol) will be evaluated in terms o f optimum conditions for the determination 
o f selenium isotopes and the most favourable conditions for the removal o f 
polyatomic interferences. Furthermore, explanations o f the observations will be 
proposed.
The method o f organic solvent addition will only be assessed for the VGN and USN 
methods o f sample introduction and not for the hydride generation system for the 
following reasons:
(i) the addition o f organic to the nebulised internal standard led to instabilities 
o f the plasma. The process o f introducing hydrides into the ICP sets up 
instabilities which are aggravated further by the introduction o f nebulised 
organic aerosols, resulting in plasma fluctuations and extinguishing;
(ii) one of the major benefits o f hydride generation is the removal o f the analyte 
o f interest from the sample matrix. Hence, hydride generation should remove 
the C f containing interference on m/z 77. This is one o f the benefits o f 
organic addition so is not required for hydride generation;
(iii) investigation o f potential signal enhancement by the addition o f organics to 
the nebulised system led to no discernible improvement in sensitivity when 
combined with the hydride system through the VGN.
The organic was introduced into the sample by using a glass T-piece between the 
peristaltic pump and the nebuliser. This allowed the organic to be added to the sample 
‘on-line5 so that changes to the concentration o f the organic could be made without 
having to change the standard or sample being investigated. As a result o f the 1:1 
dilution step the concentration o f  organic made was twice that reported, so that the 
reported concentration used in these results is the concentration in the mixed 
sample/organic mixture (i.e. the concentration nebulised and analysed). Later the T- 
piece was used to introduce not only the organic but also internal standards. This 
removed any possible errors caused by continual pippetting o f small volumes o f an
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internal standard into the samples. As with section 4.1. a 10 pg l."1 selenium standard 
(in 1% v/v H N 03) will be used that has been spiked with 0.1% v/v HCI (Aristar 
grade). As a ‘T  piece is being used, for the introduction o f organic and indium 
internal standard and hence a 1:1 dilution is taking place, the concentration o f 
selenium and HCI were doubled for the standard.
Before any system optimisation could take place, some preliminary investigations 
were undertaken to evaluate some o f the potential problems associated with organic 
addition to the sample. These problems are applicable to both the VGN and USN. The 
problems cited in the literature are:
(i) blocking o f sampling cones by carbon deposition (normally requiring the 
addition o f oxygen to ‘bum  o f f  the carbon) [Evans, 1990];
(ii) plasma instabilities.
If  the concentration o f the organic goes above a certain critical concentration then the 
plasma is extinguished. The tolerance o f the ICP to organic loading is dependent on 
the type o f r.f. generator used and the power applied [Boom, 1987]. The problem o f 
plasma instability and maintenance was assessed by aspirating a solution o f the 
organic o f interest and increasing its concentration until instabilities were seen in the 
plasma itself or it was extinguished. This was repeated for all the organics o f interest 
and gave a working range o f concentrations for all the organic solvents. This study 
was performed at 1.1 kW forward power. This comparatively low forward power was 
chosen as it is the least likely to tolerate organic addition.
Once working ranges for all o f the organics o f interest were ascertained the most 
concentrated level was aspirated for an hour and at the end o f that time the machine 
was shut-down and the condition o f the sampling cone studied. It was found that very 
little if  any deposition o f carbon was present for methanol or ethanol, but phenol 
showed considerable build up o f carbon deposits. Propan-2-ol addition showed a 
significant amount o f carbon deposition but could have been used for a considerable 
time (-4-6 hrs) before possible sample cone blocking occurred. This problem could be 
overcome by adding oxygen to the central channel of the ICP and cooling the spray
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chamber to -10 to -20°C, thus burning off the carbon or removing the excess organic 
solvent.
As with previous investigations a study o f the affects o f varying forward power and 
NFR were investigated for each organic concentration o f interest. This type o f 
univariate study was particularly time consuming but provided invaluable information 
on Se+ and interfering ions. The m/z numbers investigated, and the associated ions are 
presented in Table 4.2.
Table 4.2. M/z numbers investigated and the isotope/polyatomic ion o f interest.
m/z Isotope and/or polyatomic ion o f interest
47 12C35C1+
49 12C37C |+
52 40At12C+
75 40Ar35C l V 8Ar37Cl+
76 76Se+, 40Ar36Ar+
77 77Se+, 40At37C1+
78 78Se+, 40Ar38Ar+
82 82Se+
83 O
O Ul 2?+
115 115In+
The concentrations (v/v or m/v for phenol) o f organic used for the following studies
were:-
Methanol 0, 1, 1.5, 2, 2.5 and 3%
Ethanol 0, 0.5, 1, 1.5,2 and 2.5%
Propanol 0, 0.5, 1, 1.5, 2 and 2.5%
Phenol 0, 1, 1.5, 2 and 2.5%
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At these concentrations the plasma remains stable without flickering or being 
extinguished and also without the need for oxygen addition or excessive spray 
chamber cooling.
4 . 2 . 1 .  O r g a n i c  s o l v e n t  a d d i t i o n  u s i n g  t h e  V - g r o o v e  n e b u l i s e r  ( V G N )  a s  t h e  
m e t h o d  o f  s a m p l e  i n t r o d u c t i o n
The VGN was set up as normal and in a single run a 20 pg f 1 selenium standard 
containing 2000 pg m l'1 C l'and  100 pg T1 indium (10 pg I'1 selenium, lOOOpg m l'1 C f 
and 50 pg I"1 indium after the on-line 1:1 dilution) was sampled in the following 
manner:
Step 1: The concentration o f organic and forward power were set at a chosen level 
and the sample analysed at 0.60 - 1.20 1 m in.'1 NFR in 0.05 1 min."1 
increments;
Step 2: once this was completed the forward power was altered and the process 
repeated. Forward powers used were 1.1, 1.3,1.5 and 1.6 kW;
Step 3: once all the forward powers were investigated for a particular concentration 
o f organic the concentration for that organic was varied and process 1 and 2 
repeated.
Steps 1, 2 and 3 were repeated for each o f the organics chosen. Each organic study 
was completed in a single run without instrument shut-down. The results of these 
studies make up the data portrayed under the headings o f sensitivity and spectroscopic 
interference for the VGN.
The effect o f organic addition on sensitivity using the V-groove nebuliser (VGN)
The addition o f organics to a sample has previously been shown to enhance signal 
sensitivity for certain elements (section 3.4.17.). In this study the improvement in 
signal sensitivity for selenium will be demonstrated using the 82Se+ isotope. The other 
isotopes o f selenium will be discussed later in terms o f spectroscopic interference 
suppression.
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The optimum concentration o f any specific organic added was chosen solely on the 
basis o f optimum signal response obtained at any given organic concentration, with its 
corresponding forward power and NFR. It is not possible to portray all the information 
at once as the number o f variables (% organic concentration, forward power and NFR) 
precludes any easy interpretation and presentation. However, it was soon discovered 
that all the organics had an optimum concentration corresponding to a maximum on 
82Se+ signal response. Concentrations slightly above or below this optimum 
concentration (± 0.5%) had little effect on the optimum signal, but was also dependent 
on the other variables o f forward power and NFR. For example, a drop in organic 
concentration by 0.5% v/v could give an almost identical signal response but at a 
lower forward power and NFR. For the purpose o f this study, higher NFR values were 
chosen (also requiring higher % organic concentration and forward power) as efforts 
were made to discriminate between the ‘true’ signal and interference signal found at 
lower NFR. The relationship between % organic added and signal enhancement was 
found not to be uniform for some o f the organics investigated, see Figure 4.2.1.1.
Figure 4.2.1.1.(over the page) 82Se+ signal response as a function o f organic solvent 
addition.
O f the four organics chosen only methanol and phenol show any linear in increase in 
signal response with increase in % organic added. All four organics show that beyond 
the optimum organic concentration further addition of chemical leads to a decrease in 
signal response and a visibly duller plasma, especially for 5% methanol and 3% 
ethanol, propanol and phenol at 1.5 kW forward power and 1.0 1 m in.'1 NFR. At 
concentrations of 5% v/v methanol and above spluttering o f the plasma was observed 
as the organic loading to the plasma increased. Despite attempts to overcome this 
problem by increasing forward power to 1.7 kW and NFR to 1.2 1 m in.'1, the plasma 
remained visibly ‘dull’ and signal response on 82Se+ was significantly lower. An 
identical study for 5% propanol and phenol showed a 82Se+ signal below that o f the 
standard without any organic addition. The ‘dullness’ o f the plasma is due to the 
central channel of the ICP becoming more diffuse.
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The addition of an organic to the sample and its subsequent introduction into the ICP 
should lead to a reduction in the ionisation temperature o f the plasma and in turn a 
reduction in signal sensitivity. However, this does not appear to occur, and instead the 
addition o f organic solvents to the ICP somehow seems to contribute to the ionisation 
process for selenium. Suggestions for the mechanism o f this signal enhancement 
appear later.
The influence o f forward power on the signal response o f 82Se+ for methanol, ethanol, 
propanol and phenol addition is shown in Figure 4.2.1.2. (a, b, c and d) The 
experimental conditions o f % organic added were derived from optimum 82Se+ signal 
measured in previous studies.
5 0 0 0 0
o  4 0 0 0 0  o o
2 ,  3 0 0 0 0©c*>e©
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Figure 4.2.1.2. (a) Signal response on 82Se+ as a function o f NFR at varying forward 
powers (10 pg I"1 Se in 1% v/v H N 0 3) with 2.5% v/v methanol addition.
The addition o f methanol to the sample leads to some interesting observations when 
compared with the same investigation carried out without any organic addition (Figure 
3.5.3.4.):
(i) as with no organic addition the increase in forward power shifts the maxima 
for the 82Se+ signal response to a higher NFR;
(ii) the addition o f organic has only a limited effect on the spread o f NFR for 
various forward powers. The extremes o f NFR are 0.85 1 m in.'1 for no organic
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compared to 0.8 1 m in.'1 for methanol addition. Both methanol and no 
organic addition share the same (1.05 1 m in.'1) NFR for the 1.6 kW forward 
power setting;
(iii) the dramatic increase in signal response between 1.1 and 1.3 kW forward 
power is seen for methanol addition, which is similar to the result with no 
organic addition. The maxima for 1.3 kW forward power appears at a lower 
NFR for methanol addition (0.85 1 m in.'1) than the 1.3 kW maxima for no 
methanol addition (0.95 1 m in.'1). This combined with the wider spread (more 
bell shape curve) in signal response as a function o f NFR for methanol 
addition implies that the method is less sensitive to optimum NFR tuning;
In summary, the addition o f methanol not only increases signal sensitivity for 
selenium determinations, compared to no modification, but also improves the 
flexibility o f the ICP in terms o f tuning for optimum NFR.
Nebuliser Flow Rate (1/min.)
—0— l.lkW —O— 1.3kW —A— 1.5kW 1.6kW I
Figure 4.2.1.2. (b) Signal response on 82Se+ as a function o f NFR at varying forward 
powers (10 pg F1 Se in 1% v/v H N 03) with 2 % v/v ethanol addition.
Ethanol addition mimics the findings for methanol addition in terms o f shape o f the 
curves but with ethanol addition the maxima are closer together in terms o f NFR 
(Figure 4.2.1.2. (b)). The lower power o f 1.1 kW shows less susceptibility to 
dramatically reduced sensitivity than with methanol or no addition o f organic. The 
addition o f ethanol tends to favour a higher forward power o f 1.6 kW (and the
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consequent higher NFR o f 1.05 1 m in.'1) than with methanol addition or no organic 
addition. This shows that the ICP requires more power and time to dissociate, 
atomise, excite and finally ionise selenium in an ethanol loaded sample.
Nebuliser Flow Rate (l/niin.)
—O— l.lkW  - 0 — 1.3kW —A — 1.5kW - O -  1.6kW
Figure 4.2.1.2. (c) Signal response on 82Se+ as a function o f NFR at varying forward 
powers (10 pg I'1 Se in 1% v/v H N 0 3) with 1.5 % v/v propanol addition.
The addition o f 1.5% propanol favours a lower optimum forward power than previous 
methods used (Figure 4.2.1.2.(c)). Evans [1990] observed a similar shift in the 
optimum NFR with the addition o f propan-2-ol. However, Evans also observed a 
decrease in the signal response on the indium internal standard, which is not the 
findings of this work. Some possible explanations for this are:
(i) the addition o f propanol is adding energy to the plasma, resulting in the need 
for a lower forward power (and consequent lower NFR o f 0.9 1 m in.'1);
(ii) the addition o f propanol requires less energy than previous methods o f organic 
solvent addition.
To add to these observations is the rather confusing response at 1.6 kW forward 
power, where the optimum peak appears at a lower NFR o f only 0.85 1 m in.'1 and 
tends to show a response similar to that o f 1.1 kW forward power.
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Nebuliser Flow Rate (1/min.)
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Figure 4.2.1.2. (d) Signal response on 82Se+ at varying forward powers to the plasma 
(10 pg F1 Se in 1% v/v H N 0 3, with 2 % m/v phenol addition). Values for 1.6 kW 
forward power are not presented as clogging of the sample cone with soot prevented 
further analysis beyond 1.5 kW.
The addition of 2% phenol shows a similar response to that observed for methanol 
addition, except that a higher forward power tends to be favoured probably due to 
greater energy requirement to break up the phenol molecule. Unfortunately the 
clogging o f the sampling cone with carbon deposition precluded further investigation. 
Clogging o f the sampling cone also effectively excluded phenol addition as a viable 
long-term method for signal enhancement and interference suppression.
In summary, the relative signal enhancements o f the various methods and the 
optimum instrumental conditions for those methods are graphed in Figure 4.2.1.3.
2 .5  %
1.5 k W  
4 .5  1 1 .00  N F R
M e th a n o l  E t h a n o l  P r o p a n o l  P h e n o l
Organic added
8 2  +  _
Figure 4.2.1.3. Relative signal response (organic signal/no organic signal) o n  ' “S e  (10 
p g  F 1 selenium) after optimisation o f  the instrument with the addition o f  various 
organic solvents. T h e  variables o f  instrumental parameters a n d  %  organic added, are 
listed a b o v e  the respective bar.
T h e  m a j o r  points to note f r o m  these results are:-
(i) all o f  the organics s h o w  e n h a n c e m e n t  o f  the s2S e + signal to a varying degree
me th an ol 4.28 fold increase
ethanol 2.81 fold increase
propanol 2.65 fold increase
phenol 2.47 fold increase;
(ii) the addition o f  2 . 5 %  me th a n o l  at 1.5 k W  forward p o w e r  a n d  1.00 1 min. 1 
N F R  s h o w s  the greatest i m p r o v e m e n t  in sensitivity. This is close to the 
findings of Larsen a n d  Stiirup [1994] w h o  observed a 3.5-4.5 signal 
e n h a n c e m e n t  for selenium with the addition of 3 %  v/v methanol;
(iii) there is only a slight variation in o p t i m u m  conditions b e t w e e n  the organic 
used, in terms o f  %  organic added, forward p o w e r  a n d  N F R .  This is believed 
to b e  d u e  to the m a n n e r  a n d  degree that the addition o f  organic changes the 
p l a s m a  p e rf or ma nc e a n d  the physical chemistry o f  the organics o f  interest.
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It is interesting to note that the i n d i u m  internal standard s h o w e d  an o p t i m u m  signal at 
a lo we r N F R  than that o f  selenium with the addition o f  an organic. This effect is 
demonstrated with the use o f  me th a n o l  (2.5%, 1.5 k W )  b e l o w  but occurs for the other 
organics as well.
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Figure 4.2.1.4. Signal response o f  s2S e + a n d  115In+ (appears o n  secondary axis) as a 
function o f  N F R .  Experimental conditions o f  2 . 5 %  v/v m e th an ol a n d  1.5 k W  apply. 
T h e  1 l2In+ response appears o n  the secondary axis.
W i t h o u t  the addition o f  an organic the o p t i m u m  signals for S2S e 4 a n d  ll5In4 share the 
s a m e  N F R  a n d  forward power, as stated in Chapter 3. O n c e  the organic is a d d e d  to the 
s a m p l e  the o p t i m u m  N F R  for the ll?In+ signal shifts to a slightly lower N F R  o f  0.9 1 
min.'1. T h e  shift b y  i n d i u m  to a lower N F R  w a s  observed b y  E v a n s  [1990] w h e n  
adding propanol to the sample. H e  w e n t  o n  to suggest that this observation w a s  d u e  to 
a reduction in the ionisation temperature in the p l a s m a  with the addition o f  organic 
solvent to the sample. H o w e v e r ,  he did not present results for other m / z  numbers. In 
addition his explanation w o u l d  not explain w h y  the "Se signal r e m a i n e d  at the 
higher o p t i m u m  N F R  o f  1.0 1 min. 1 o n c e  a n  organic w a s  a d d e d  to the sample. For the 
purposes of acting as an internal standard this difference in o p t i m u m  conditions 
b e t w e e n  the analyte o f  interest, selenium, a n d  the in di um response is not particularly 
important. A  very g o o d  signal response o n  n + n + is still achieved at the o p t i m u m  N F R
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conditions for selenium analysis.The optimum conditions for signal response from 
115In+ in terms o f forward power are still 1.5 kW with the addition o f methanol.
The potential o f organic addition to enhance signal sensitivity was investigated on a 
selection o f other elements o f interest to see if  the same effect occurred. 2.5% 
methanol addition was chosen as the method o f modification as it shows the greatest 
potential for signal enhancement with selenium.
Isotope of study
Figure 4.2.1.5. Relative signal enhancement (methanol signal/no methanol signal) o f a 
selection o f elements with the addition o f 2.5 % (v/v) methanol at 1.5 kW forward 
power and 1.00 1 min."1 NFR. A 50 pg I"1 standard (in 1% v/v H N 03) o f all the 
elements was used for this study. Germanium and indium are included as they are 
potential internal standards. The first four isotopes were also investigated using the 
Faraday detector.
(i) all o f the isotopes show a certain degree o f signal enhancement with the 
introduction o f methanol. This is probably due to improvements in analyte 
transport efficiency as methanol improves the nebulisation efficiency o f the 
standard solution sample through the VGN. The process by which the addition 
o f the 2.5% methanol improves the analyte transport efficiency o f the VGN is 
probably due to the methanol lowering the viscosity o f the sample solution. 
This in turn allows the sample to pass through the nebuliser more easily and 
promotes the formation o f smaller sized droplets ( - 1 0  pm which the ICP 
prefers) but with a greater number density [Bolton, 1997];
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(ii) 44Ca+ shows a dramatic signal enhancement (4.14 fold increase with the 
addition o f methanol signal compared to the non-methanol signal) as does 
25Mg+ (not shown here due to the scale, but results in a 24-fold increase).
These observations are due to the formation o f interfering polyatomic ions 
with carbon as a main constituent and not due to improved sensitivity o f 
calcium or magnesium. The presence o f large amounts of carbon in the plasma 
will undoubtedly lead to the formation o f more carbon-containing polyatomic 
ion species. As a result o f a 1.3-fold increase in the signal o f 43Ca+ it appears 
that there is an interference 01144Ca+. The increased formation o f the 
polyatomic ion C 0 2+ seems the most likely culprit for this interference on m/z 
44. The increased signal on 25Mg+ is probably due to C2H+ or an overlap from 
the very large C2+ peak at m/z 24;
(iii) apart form 44Ca+ and 25Mg+ the only other isotopes showing any significant 
degree o f improvement in sensitivity are the selenium isotopes 77Se+ (3.36 fold 
increase), 82Se+ (3.54 fold increase) and 75As+ (3.68 fold increase). This is 
close to the original findings for increased sensitivity for selenium and arsenic 
reported by Larsen and Stiirup [1994], It therefore seems that the addition o f 
an organic to the ICP and its contribution to the ionisation process is limited to 
selenium and arsenic.
These findings led to an interest in the significance o f improved sensitivity for other 
elements with higher ionisation energies, namely mercury and tellurium. Thus the 
experiment was repeated but with the inclusion o f tellurium (869.2 kJ mol"1) and 
mercury (1007.0 kJ mol"1).
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Figure 4.2.1.6. Signal enhancement as a function of the first ionisation potential. 
Signal enhancement achieved by the addition o f 2.5% (v/v) methanol to a 50 pg I 1 
standard solution (in 1% v/v HNO-?) at 1.5 kW forward power and 1.00 1 min. 1 NFR. 
Signal enhancement is relative to the signal achieved from the same standard solution 
but without the addition o f methanol.
Only the elements with an ionisation energy approximating to 940 kJ mol-1 (As =
947.0 kJ m ol'1) show a significant increase in sensitivity above that achieved by 
improved nebulisation. This will be discussed further in Chapter 6.
The effect o f organic addition on spectroscopic interferences using the VGN
The effect o f organic addition on the various spectroscopic interferences encountered 
on a number o f selenium isotopes will be compared with the relatively interference 
free x2Se4 isotope. The interference on m/z 77 (4llAr37Cl+ species) will be investigated 
first followed by the study o f m/z 76 and 78 (Ar2+ interference).
As with Figure 4.2.1.3. where the S2Se+ signal was investigated so the signal 
enhancement on m/z 77 with organic addition can also be portrayed (Figure 4.2.1.7.).
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Figure 4.2.1.7. Relative signal enhancement (relative to signal achieved from no 
organic addition) for the selenium isotopes 77Se+ and X2Se' using the various methods 
o f organic solvent addition to a sample nebulised using the VGN.
The signal for m/z 77 is not as enhanced as much as the m/z 82 signal for all o f the 
organic additions due to suppression o f the formation o f 40Ar37Cl+. Although 77Se+ is 
enhanced to the same degree as x2Se+, the relative enhancement is not as great. This is 
due to the addition o f organic suppressing the formation o f 40Ar37Cl+ leading to a 
reduced relative signal enhancement for m/z 77.
In the following studies the quantification o f polyatomic interferences (ArCl+ and 
Ar2+) and the suppression o f these interferences will be made using the isotope ratios 
s2Se+:vSe+ for comparison. For each organic solvent investigated a blank run was 
analysed (containing no organic) and the improvement in analysis for each organic 
was compared to that blank. This ensures that day-to-day differences in machine 
response can be accounted for.
In Figure 4.2.1.8. (a) a review o f the characteristics o f the 40Ar37Cl+ interference is 
reported.
183
~  4 0 0 0 0  ---------------------- ------------- ------------------------------------------------------- -----------------u
3 + ^ +
S -  3 0 0 0 0  --------------------  V---------------------------------------------------------------------------
1 A \
I  20000 A -  -V-------------------------------------
m  i o o o o ---------------------------------------A — , .  ---------------
I A*
s / _ - X - " X  X  Y  ' X. .  V  .y  ■— X — -X I x0 X --- ,  1-----1-----1 —-—H—— ------i--- {—■—“H--- ]
0 .6  0 .7  0 .8  0 .9  1 1.1 1.2
N e b u l i s e r  F lo w  R a te  (1/n.iin.)
— |—  7 7 S e  — X - 8 2 S e
Figure 4.2.1.8. (a) Signal response as a function of NFR using a 10 pg F1 selenium 
standard (in 1% v/v H N 0 3 containing 1000 pg m l'1 CF) without the addition o f any 
organic, at 1.5 kW forward power (using the VGN as the method of sample 
introduction).
As previously noted in this chapter the plot o f  signal response with varying NFR for 
the m/z numbers 77 and 82 show some important points. The interference peak from 
40Ar37Cl+ on m/z 77 appears earlier in the plot than the ‘true’ signal. The interference 
appears at ~ 0.70 - 0.75 1 m in.'1 NFR, whilst the ‘true’ peak appears at ~ 1.00 1 m in.'1 
NFR (confirmed by the presence o f  the 82Se+ peak at 1.00 1 m in.'1 NFR). The 
contribution from the 40ArCl+ to the signal on m/z 77 still gives an elevated signal at
1.00 1 m in.'1 so that the m/z 77 signal is larger than the 82Se+ signal. The ratio o f the 
signals for 82Se+:77Se+ is 0.85:1 when it should be 1.21. This divergence from the 
natural ratio is largely due to the contribution from 40Ar37Cl+ on m/z 77. Other factors 
include the mass spectrometer not giving a natural isotope ratio.
Next, the experiment was repeated for various concentrations of methanol. The 
optimum conditions (largest signal response on 82Se+) are shown in Figure 4.2.1.8. (b).
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Figure 4.2.1.8. (b) Signal response as a function o f NFR using a 10 pg F1 selenium 
standard (in 1% v/v H N 0 3 containing 1000 pg ml"1 CF) with the addition o f 2.5% 
methanol, at 1.5 kW forward power (using the VGN as the method o f sample 
introduction).
The addition o f methanol using the conditions for optimum signal enhancement has 
led to some important changes in the size and position o f the m/z 77 and 82 peaks;
(i) as mentioned above in the section on improved sensitivity the 77Se+ and 82Se+ 
peaks have undergone an enhancement with the addition o f methanol at 1.00 1 
m in.'1 NFR;
(ii) the interference peak from 40Ar37Cl+ has shifted to a higher NFR (0.8 1 m in.'1) 
and has been greatly reduced form ~ 37,500 to 21,000 cts. sec.'1;
(iii) as would be expected, the true signal at 1.0 1 m in.'1 NFR is now greater for the
82 4* 77 4*Se signal than the Se signal, which it should be. The two effects of 
improved sensitivity and reduced interference have led to a signal ratio for 
82Se+:77Se+ o f 1.12:1 compared to a natural ratio o f 1.21:1.
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Figure 4.2.1.8. (c) Signal response as a function o f NFR using a 10 pg I '1 selenium 
standard (in 1% v/v H N 0 3 containing 1000 pg ml"1 C lj with the addition o f 2.0% 
(v/v) ethanol, at 1.6 kW forward power (using the VGN as the method o f sample 
introduction).
The addition o f 2% ethanol at 1.6 kW  forward power (Figure 4.2.1.8. (c)) results in 
the following observations:
(i) the spread in NFR between the interference peak, 40Ar37Cl+, and the true 77Se+ 
peak have been extended back to those seen with no organic addition, whereas 
methanol addition led to a narrowing o f the difference in NFR;
(ii) the magnitude o f the interference peak with the addition o f 2% ethanol has 
given rise to a three and a half fold reduction (-35,000 cts. sec.'1 to -10,000 
cts sec.'1) in the 40Ar37Cl+ signal under optimum conditions, compared to that 
with no organic addition;
8? 4” 77 4~(iii) the ratio o f “Se : Se under optimum conditions, with the addition o f ethanol 
is 1.12:1, identical to that achieved with the addition o f 2.5% methanol under 
optimum conditions. This ratio is a again a great improvement over the ratio 
achieved with no organic addition.
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Figure 4.2.1.8. (d) Signal response as a function o f NFR using a 10 pg I"1 selenium 
standard (in 1% v/v H N 0 3 containing 1000 pg m l'1 Cl") with the addition o f 1.5% 
propanol, at 1.5 kW forward power (using the VGN as the method of sample 
introduction).
The characteristics o f the interference peak 40Ar37Cl+ have tended to follow the 
previous observations made for the 82Se+ peak as discussed in the previous section. 
The main points o f interest for the interference peak with the addition o f propanol are:
(i) the addition o f 1.5% propanol has caused the optimum conditions to shift to 
a lower forward power and consequently a lower NFR (1.3 kW, 0.90 1 m in.'1 
NFR). This shift to a lower NFR has also occurred for the 40Ar37Cl+ 
interference peak which has shifted below 0.60 1 min."1 with the addition o f 
1.5% propanol;
(ii) the distribution between the two peaks (interference peak and 77Se+ peak) has 
remained distant enough that the contribution to the true 77Se+ is reduced to a
82 4* 77 4 82 4* 77 4  •level where the Se signal exceeds the Se signal and a Se : Se signal 
ratio o f 1.08:1 is achieved. This ratio is not as good as those seen for methanol 
and ethanol addition and is probably due to point (iii) below;
(iii) the suppression o f the interference signal by the addition o f 1.5% propanol 
under optimum conditions (1.3 kW  forward power, 0.90 1 min.-1 NFR) is
X'
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difficult to report accurately as the maxima for 40Ar37Cl+ appears at, or 
possibly below, 0.60 1 min."1 NFR. For that reason only an approximate 
suppression can be given. Taking the signal count at 0.60 1 min."1 for m/z 77 
then the suppression o f 40Ar37Cl+ has been reduced from -  29,000 cts sec."1 (no 
organic addition) to -23,500 cts. sec."1 for 1.5% propanol addition. The 77Se+ 
signal (at 0.90 1 m in.'1 NFR) is still subject to contributions from 40Ar37Cl+ and 
results a the poorer 82Se+:77Se+ ratio quoted above in (ii).
Nebuliser flow rate (1/min.)
j m/z 77 —X —- 82Se
Figure 4.2.1.8. (e) Signal response as a function o f NFR using a 10 pg I'1 selenium 
standard (in 1% v/v H N 03 containing 1000 pg m l'1 CF) with the addition o f 2.0%
(m/v) phenol, at 1.5 kW forward power (using the VGN as the method o f sample 
introduction).
The addition o f 2% (m/v) phenol apparently does very little to suppress the formation 
o f 40Ar37Cl+ at 0.80 1 m in.'1 NFR, but the true selenium signal at 1.00 1 min."1 gives a 
82Se+:77Se+ signal ratio o f 1.06 (Figure 4.2.1.8. (e)). This ratio is the lowest for all the 
organics chosen for the study, but is still better than that for no organic addition 
(0.85:1). So, despite the addition o f 2% phenol having no, or very little, affect on the 
signal from the 40Ar37Cl+ interference the 82Se+:77Se+ ratio is far better than expected 
under optimum conditions (1.5 kW, 1.0 1 min."1 NFR). It is not until the formation o f
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possibly competitive polyatomic ions (CC1+) is investigated that a possible 
explanation can be found.
Previous work in the area o f polyatomic ion suppression, using organic or molecular 
gas addition, have suggested possible mechanisms by which the suppression o f the 
unwanted interference takes place. These include:
(i) the introduction o f  an organic solvent that may reduce the ionisation 
temperature in the plasma while at the same time increasing the kinetic 
temperature. This can possibly result in either a suppression of ionisation o f 
some polyatomic species and/or an increase in the rate at which they 
decompose [Evans, 1990];
(ii) alternatively or in conjunction with (i), the presence of large amounts of 
carbon may promote the formation o f  competitive polyatomic ion formation, 
such as, CC1+ and ArC+.
The addition o f an organic to a sample greatly increases the C+ ion population in the 
ICP giving rise to a situation where CC1+ is far more likely to be formed. It is this 
competitive polyatomic ion formation o f CC1+ that is believed to ‘soak-up’ the C f 
ions, effectively reducing the possibility that they may form 40Ar37Cl+ polyatomic ion 
interferences. To investigate this idea both m/z numbers 47 and 49 were monitored
• » • • |2 'X'7during the previous experiments to determine whether C Cl and C Cl were 
being formed to any significant degree and thereby competing with 40Ar37Cl+ 
formation. The contribution from 47Ti+ (7.3%) and 49Ti+ (5.5%) can be effectively 
omitted from consideration as only standards of well known composition were 
employed. The first graph portrays the signal observed on m/z 47 and 49 for the usual 
standard o f 20 pg f 1 selenium in 1% v/v H N 0 3, spiked with 2000pg ml"1 Cl" (giving a 
concentration o f 10 pg I'1 selenium, 1000 pg m l'1 C f after the on-line 1:1 dilution) but 
with no organic solvent addition (Figure 4.2.1.9.).
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Nebuliser flow rate (1/min.)
Figure 4.2.1.9. Instrumental signal response to variations in NFR for the formation o f 
‘competing’ polyatomic ions (12C3:,C1+ and at m/z 47 and 49, without the
addition of any organic solvent (1.5 kW forward power).
The signal on m/z 47 is the typical background response (< 150’s cts. sec.'1) for this 
type o f investigation and the signal on m/z 49, reaching an optimum at 1.05 1 m in.'1 is 
probably due to the formation o f the polyatomic 35Cll4N+ [Tan, 1986]. The chlorine 
component originates from the HCI added to the standard and the nitrogen is from the 
H N 03 or entrained nitrogen gas from the surrounding air. Further investigation, and 
confirmation, that the interferent 3^ C114N+ is the contributing signal on m/z 49 could 
be achieved by investigating the signal on m/z 51, which corresponds to 37C114N+. 
However, m/z 51 also suffers from the interference 35C1160 + and so effectively 
prevents any further investigation o f the interference on m/z 49. The contribution to 
m/z 47 and 49 by the polyatomics 12C35C1+ and l2C37Cl+ can be considered to be 
minimal under these background conditions. Figures 4.2.1.10. (a-d) show the same 
information (signal response on m/z 47 and 49 as a function o f NFR) but with the 
addition o f the various organic solvents using the optimum conditions for the Se+ 
signal. It is important to note the change in the y-axis scale between the graph 
portraying background signal and those graphs for organic solvent addition.
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The following can be observed from these results:
(i) the ratios o f m/z 47:49 closely match the ratio o f the natural abundance o f 
35C1:37C1 (3:1), thereby demonstrating the formation o f 12C C l polyatomic 
ions;
(ii) all o f the organic solvents demonstrate a strong ability to supply C+ ions for 
the formation o f 12CC1+ polyatomics, with ethanol showing the greatest ability 
followed by methanol, propanol and finally phenol;
(iii) the optimum experimental conditions for the formation o f 12CC1+ in terms of 
% organic solvent added and forward power applied to the plasma are very 
close or identical to the optimum conditions for the Se+ signal. All o f the 
organics solvents show this ability with only very slight variations (± 0.5%
(v/v) organic, or ± 0.1 kW forward power) between the optimum competitive 
ion formation and the optimum Se+ formation;
(iv) the maxima o f the !2CC1+ peaks appear at a NFR very close to that o f the ‘true’ 
77Se+ peak. This indicates a situation where the optimum ‘true’ signal response 
o f 77Se+ is closely coinciding with the optimum conditions for the formation o f 
competitive polyatomic ion formation. This explains why the addition o f 2%
opy Hr 77  -j-
phenol to the standard showed better Se : Se isotope ratios than without 
phenol addition, despite the phenol addition showing little or no ability to 
remove the interfering 40Ar37Cl+ ion (Figure 4.2.6. (e)) at a lower NFR (0.80 1 
m in.'1);
(v) the amount o f carbon introduced to the ICP by the addition o f the organic 
solvent has a direct relationship on the magnitude o f CC1+ formation for all o f 
the organics except propanol (Figure 4.2.1.11 .(c) below). However, this is only 
true for any single organic and not for different organic solvents. For example, 
the addition o f 1% ethanol doesn’t have the same effect as 2% methanol, or in 
the same manner 1% propanol doesn’t have the same effect as 3% methanol. It 
is not the total amount o f carbon being added that is the limiting factor. Other 
factors, such as, the effect the added organic solvent is having on the plasma 
itself seems to effect CC1+ ion formation more than just adding more carbon.
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The effect o f adding more organic solvent to the sample and the resultant effect on the 
formation o f  the polyatomic ions at m/z 47 and 49 are graphed below (Figures 
4.2.1.11. (a-d). Also contained in the presentations are the relative signal response on 
m/z 77. This value is a ratio (m/z 77 signal with or without organic addition) o f the 
signal response at m/z 77 with increasing % organic and demonstrates the suppression 
o f the 40Ar37Cl+ ion polyatomic form ation with the increasing concentration o f organic 
solvent added.
Figure 4.2.1.11. (a) Signal response o f m/z 47 and 49 and relative signal response o f 
m/z 77 as a function o f the % (v/v) methanol added to the sample (1.5 kW forward 
power, 1.00 1 m in.'1 NFR). The relative signal response o f m/z 77 appears on the 
secondary axis.
1000000 +
0  0 .5 1.5 2  2 .5  3
%  o r g a n i c  a d d e d  (v/v)
m /z  4 7  — O —  m /z  4 9  — 4—  m /z  77
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Figure 4.2.1.11. (b) Signal response o f m/z 47 and 49 and relative signal response o f 
m/z 77 as a function o f the % (v/v) ethanol added to the sample (1.5 kW forward 
power, 1.00 1 min."1 NFR). The relative signal response o f m/z 77 appears on the 
secondary axis.
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Figure 4.2.1.11. (c) Signal response of m/z 47 and 49 and relative signal response o f 
m/z 77 as a function o f the % (v/v) propan-2-ol added to the sample (1.5 kW forward 
power, 1.00 1 min."1 NFR). The relative signal response o f m/z 77 appears on the 
secondary axis.
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Figure 4.2.1.11. (d) Signal response o f m/z 47 and 49 and relative signal response of 
m/z 77 as a function o f the % (m/v) phenol added to the sample (1.5 kW forward 
power, 1.00 1 min.-1 NFR). The relative signal response o f m/z 77 appears on the 
secondary axis.
The magnitude o f the ions measured on m/z 47 and 49 closely match the natural
1 o c 12 -j-
abundance o f Cl and Cl so it is prudent to consider the ions detected are CC1 
polyatomic ions. This is true for all the organics solvents, even propan-2-ol which 
shows irregular results across the concentration range.
The formation of 12C35C1+ and 12C37C1+ are clearly proportional to the addition of 
methanol, ethanol and phenol. This is in agreement with findings by Larsen and 
Sturup [1994]. At the higher concentrations of methanol and ethanol a reduction is 
seen in the formation o f the I2CC1+ ions and a corresponding increase in the relative 
signal response from the m/z 77 signal. This reduction in performance is probably due 
to the solvent loading introducing plasma instabilities and thereby reducing the degree 
o f ionisation in the plasma, which affects both polyatomic and analyte ions.
There appears to be a direct relationship between an increase in the formation o f 
l2C37Cl+ and a reduction in response on m/z 77 due to the interference from 40Ar37Cl+. 
However, other factors such as forward power and NFR need to be taken into
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consideration before judgement can be made on the concentration o f any particular 
organic solvent used for interference suppression. Despite the irregularities that
12 37 4propan-2-ol demonstrated in the results, the trend of increasing C Cl formation 
with reducing 40Ar37Cl+ formation is still observed.
The influence o f organic addition on the ArAr+ polyatomic ions will be investigated 
next. A review o f the problem faced by the interfering polyatomics (40Ar36Ar4 and 
4,)Ar38Ar4) when considering the use o f 76Se4 and 7sSe4 for accurate determinations is 
reviewed below.
N e b u l i s e r  f lo w  r a t e  ( l /m in .)
 □  m/z 7 6  A  m/z 78 - - -  calc, m/z 76 A  calc, m/z 78
Figure 4.2.1.12. Signal response o f m/z 76 and 78 as a function o f NFR. The series 
calc, m/z 76 and calc, m/z 78 correspond to a theoretical signal response on m/z 76
76> 4 78 4 82 4and 78 from Se and Se calculated from the signal response on Se .
It is clear from this investigation that the 76Se+ isotope is seriously masked by Ar2+ 
(40Ar36Ar+ and possibly 38Ar38Ar+). The interference from Ar2+ reached a maximum 
signal at 0.80 1 min."1 NFR. A slight ‘shoulder’ can be seen on the m/z 78 peak at 0.80 
1 m in.'1 which also corresponds to an Ar2+ interference (4(lA r 8Ar+). The Ar24 peaks 
appear before the ‘true’ analyte signals which appear at a NFR of 1.05 - 1.1 1 m in.'1. 
This is reminiscent o f the findings for 40Ar37Cl+ where the interference appeared at 0.7
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- 0.75 1 m in.'1 NFR. Next, it is necessary to evaluate the formation of competitive ions 
in the suppression o f Ar2+, namely ArC+. The suppression of Ar2+ ions will be 
portrayed as the 82Se+:*Se+ ( where x = 16 and 78) ratios so that the ability o f organic 
solvent addition to return the signals on 76Se+ and 78Se+ isotopes to their natural ratios, 
or as close as possible, can be observed. First the ratios achieved without any organic 
solvent addition should be reviewed and are presented in Figure 4.2.1.13. (a). The
8? 4" 76  E  82 E  78  E •natural abundance ratios o f “Se : Se and “Se : Se are also presented in the graphs 
so as to provide a method o f comparison.
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Figure 4.2.1.13. (a) Signal response ratio o f 82Se+:m/z 76 and 82Se:m/z 78 as a function 
o f NFR without the addition o f any organic to the sample. Instrumental operating 
conditions o f 1.5 kW forward power apply as the optimum 82Se+ signal is achieved 
under these conditions.
It is clear that the contribution o f Ar2+ causes a serious interference to the two 
selenium isotopes signals 76Se+ and 78Se+. The 76Se+ signal is seriously masked by the 
formation of 40Ar36Ar+ and renders it unsuitable for determinations o f selenium 
concentrations by ICP-MS under normal operating conditions. Likewise, the 78Se+ 
isotope is shown to be interfered with as the 82Se+:78Se+ ratio is below that naturally 
occurring and is due to the interference 40Ar38Ar+. As a result o f the low abundance of 
38Ar (0.06%) this interference is not as severe as that seen on m/z 76. At the higher
— i------------1-------------1------------ 1------------1------------ 1------------ 1------------ 1------------1
0 .7  0 .8  0 .9  1 1.1
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N a tu ra l  8 2 S e :7 8 S e  
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NFR (1.1 1 m in /1) the ratio 82Se+:78Se+ can be seen to approach that o f natural 
abundance. Figures 4.2.1.13. (b-e) show the results from the 82Se+:76Se+ and 
82Se+:78Se+ ratio with the addition o f  various organic solvents.
Nebuliser flow rate (1/min.)
—□ — m/z 82:76 - A - m / z  82:78
Figure 4.2.1.13. (b) Signal response ratio o f 82Se+:m/z 76 and 82Se+:m/z 78 as a 
function o f NFR with the addition o f 2.5% (v/v) methanol to the sample. Instrumental 
operating conditions o f 1.5 kW forward power apply as the optimum 82Se+ signal is 
achieved under these conditions.
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abundance ratio
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abundance ratio
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Figure 4.2.1.13. (c) (Previous page) Signal response ratio o f 82Se+:m/z 76 and 82Se:m/z 
78 as a function o f  NFR with the addition of 2% (v/v) ethanol to the sample. 
Instrumental operating conditions o f  1.6 kW forward power apply as the optimum 
82Se+ signal is achieved under these conditions.
Nebuliser flow rate (1/min.)
—□— m/z 82:76 —A— m/z 82:78
Figure 4.2.1.13. (d) Signal response ratio o f 82Se+:m/z 76 and 82Se:m/z 78 as a function 
o f NFR with the addition o f  1.5% (v/v) propanol to the sample. Instrumental operating 
conditions o f 1.3 kW forward power apply as the optimum 82Se+ signal is achieved 
under these conditions.
Nebuliser flow rate (1/min.)
—□ — m/z 82:76 —A— m/z 82:78
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Figure 4.2.1.13. (e) (Previous page) Signal response ratio o f 82Se+:m/z 76 and 82Se:m/z 
78 as a function o f NFR with the addition o f 2% (m/v) phenol to the sample. 
Instrumental operating conditions o f  1.5 kW  forward power apply, as the optimum 
82Se+ signal is achieved under these conditions.
It is immediately clear that the addition o f the organic solvents, under their optimum 
operating conditions, successfully improves the 82Se+:xSe+ ratio, where x  is a selenium 
isotope that suffers from Ar2+ interference. This is achieved by suppressing the 
formation o f Ar2+ dimers. This was confirmed by observing the same suppression in a 
sample containing no selenium standard, when the background signals on m/z 76 and 
78 were seen to drop with the addition o f  any o f the chosen organic solvents. The 
order in which the organic solvents show an ability to suppress Ar2+ formation is 
methanol>ethanol>phenol>propanol. There is still an interference on m/z 76 as the 
82Se+:m/z76 ratio only approaches the ratio for natural abundance. The addition o f 
methanol improves the 82Se+:m/z 78 ratio across the range o f NFR with the ratio 
approaching that for natural abundance (0.39:1) and matching the instrumental ratio
82 4of 0.36:1. It is important to note that the optimum signal ratio of Se :m/z 76 and 
82Se+:m/z 78 is achieved at a NFR o f ~ 1.00 1 m in.'1 which corresponds to the NFR for 
optimum Se+ signal. Again, the addition o f  an organic solvent to the sample has been 
shown to reduce interferences, with the most favourable 82Se+:78Se+ ratio being at the 
same NFR as that for the formation o f  Se+
Next, it is prudent to investigate the formation o f the possibly competitive ion 
formation o f 40Ar12C+ on m/z 52 which may compete with Ar2+ formation and 
effectively suppress the interference on m/z 78 (Figure 4.2.1.14.)
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Figure 4.2.1.14. Signal response on m/z 52 (4uA rl2C+) with the addition o f various 
concentrations o f organics. The optimum instrumental conditions for the formation of 
Se+ apply to each organic.
With the exception o f propan-2-ol, all o f the organic solvents show a fairly linear 
response of 4(lAr12C+ with the addition o f more organic solvent. The amount of carbon 
added by the organic solvent is not necessarily the determining factor in the rate o f 
formation o f 40Ar12C+. An example o f this is the addition o f 2% methanol, ethanol and 
phenol. The signal response o f 40A r12C+ from the addition o f the above organic 
solvents does not give a signal response in relation to the carbon number: 
x  signal response with methanol 
2x signal response with ethanol 
6x signal response with phenol.
However, at lower concentrations o f methanol and ethanol there does seem to be a 
direct correlation between the % methanol or ethanol added and the formation of 
40A r12C+. The signal response for 40A r12C+ with the addition o f 1 and 2% ethanol is 
roughly twice that for the same concentration of methanol addition, which is directly 
related to the amount o f carbon added. There appears to be other factors, such as, the 
structure o f the organic solvent used and the effect the addition is having on the 
plasma. For example phenol is more difficult to completely break up in the plasma 
than the simpler alcohols, which appears to lead to the liberation o f less C+ than say 
with ethanol.
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The addition o f the optimum % organic solvents to the sample and the subsequent 
formation o f 4uA rl2C+ is dependent on instrumental factors, such as, forward power 
and NFR. The optimum forward power is governed more by the need to improve Se+ 
signals than to suppress Ar2+ dimers. However, this investigation demonstrated the 
optimum forward power for the formation o f 40A r12C+ to be the same forward powers 
for the formation o f optimum Se+. Below the instrumental parameter o f NFR is 
investigated to determine the optimum flow rate for the formation o f the competitive 
40A rl2C+ polyatomic ion (Figure 4.2.1.15.).
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Figure 4.2.1.15. Signal response on m/z 52 (4<lA rl2C+) with the addition o f various 
organics as a function o f NFR. The optimum experimental and instrumental 
conditions for the formation o f Se+ apply. The % organic solvent added are 2.5% 
methanol, 2% ethanol, 1.5% propanol and 2% phenol.
As with forward power the optimum NFR for the formation o f 40A r12CY is found to 
match the NFR for the optimum signal response for Se+, namely ~ 1.00 1 min. 1 NFR.
To summarise this section it is important to compare the relative merits o f the various 
methods o f organic addition. To do this one should consider the two major benefits o f 
organic addition, namely, signal enhancement and interfering polyatomic ion 
suppression/removal. Methanol (2.5% v/v) has demonstrated the greatest ability to 
enhance the sensitivity o f the ICP-MS for the determination o f Se^ with a signal
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enhancement o f more than four orders o f magnitude over that o f no organic addition. 
In terms o f polyatomic ion suppression the optimum benefits are achieved jointly by 
2.5% methanol and 2% ethanol. Ethanol shows the greatest ability to form the
12 4 • 82 4 77 4competing polyatomic ions CC1 under optimum conditions. The Se : Se isotope 
ratios achieved with each o f the methods o f organic solvent addition are shown in 
Figure 4.2.1.16.
T h e o r e t i c a l -----------------T h is  I n s t r u m e n t
Figure 4.2.1.16. x2Se+:77Se+ isotope ratios achieved using the various organic solvent 
addition techniques and their ability to remove the interfering 40Ar37Cl+ polyatomic 
ion. The theoretical value is the naturally occurring ratio o f H2Se:77Se (1.21:1) and the 
‘This instrument’ value (1.14:1) is the ratio achieved from a previous experiment 
(Table 4.1.1.6.) using a 100 pg F1 selenium standard in the absence o f Cf.
In addition the ability o f organic solvent addition to suppress the formation o f Ar2+ 
polyatomic ions has been investigated for the m/z 76 and 78. The interference from 
40Ar36Ar+ is too severe and restricts the use o f the 76Se+ isotope. However, the use o f 
7sSe+ for determination o f selenium concentrations shows promise, with methanol and 
ethanol addition improving the sensitivity o f the 78Se+ signal and suppressing the 
4uAr3SAr+ interference. Finally, the optimum conditions for the Sef signal (% organic, 
forward power and NFR) closely match those for the formation o f the competing 
polyatomic ions CCl f and Ar2+.
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4.2.2. Organic solvent addition using the ultrasonic nebuliser (USN) as the 
method of sample introduction
Identical experimental conditions apply for the following studies to those used in the 
assessment o f organic solvent addition to samples for the VGN (section 4.2.1.).
Preliminary investigations o f  the addition o f organic solvents to the IC P-M S system 
using an ultrasonic nebuliser (USN).
It was soon realised that the addition o f organic solvents to samples when using the 
USN had some serious side-effects. The addition of relatively low concentrations 
(compared to concentrations added to the VGN) led to deposition of material on the 
walls o f the glass nebuliser chamber for the USN and the piezo-electric plate. This 
was observed to happen for concentrations as low as 0.1% - 0.5% m/v phenol and 
occurred rapidly, ~ 30 minutes. Phenol as with all o f the other organic solvents had a 
visible effect on the density o f the m ist formed by the nebuliser. The addition o f 0.1 - 
0.5% organic solvents led to a much finer mist formation by the USN which returned 
to the normal dense aerosol formation with the use o f just water or 1% H N 03.
Preliminary investigations showed the ICP was sensitive to organic loading from the 
USN with ~ 5% organic solvent content leading to severe plasma instabilities and 
ultimately extinguishing o f the plasma. In particular the addition of organic solvents 
showed no beneficial effects in term s o f enhanced Se+ signal intensity. Further 
investigations with far lower concentrations o f organic solvents 0.01 - 0.1% v/v, were 
undertaken which gave visibly better mist formation (but still not as good as no 
organic addition) but with no improvement in Se+ sensitivity. The only exception to 
this was for the addition o f methanol at 0.5% to 2% v/v. At 2% v/v methanol the mist 
was very fine and plasma instabilities were noticed. For these reasons only the results 
for methanol addition to the sample and the use o f the USN for sample introduction 
will be presented.
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The effect o f organic addition on sensitivity o f USN-ICP-MS
An identical study was carried out for the USN as that completed using the VGN as 
the method o f sample introduction to the ICP. The concentrations o f organic added to 
the sample were 0, 0.5, 1 and 2% v/v methanol (Figure 4.2.2.1.).
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Figure 4.2.2.1. Signal response on s2Se+ as a function o f NFR with the addition o f 
various concentrations o f methanol. The USN was used as the method o f sample 
introduction and the instrument forward power was set at 1.5 kW.
The following observations should be made from these results:
(i) with the addition o f no methanol a signal response o f 3-4 times that was 
observed for the USN compared to the same conditions with the VGN. As 
previously mentioned, the sensitivity o f the technique varied enormously, and 
a response o f over 10,000 cts per pg F1 selenium standard has been achieved 
for 82Se+;
(ii) the optimum NFR without any organic addition is only slightly higher (1.05 
1 m in.'1 compared to the VGN (1.0 1 m in.'1) as shown in Figure 3.5.3.4.
(iii) the addition of methanol significantly enhances the 8“Se+ signal ( 2 -3  fold 
increase with methanol addition) but results in an initial drop in NFR to
0.95 1 m in .1. It has been suggested that the addition o f methanol decreases the 
excitation temperature and electron density within the plasma [Evans, 1993] 
due to the increased solvent load and energy required to dissociate molecular
— A —  N o  M e th a n o l
— O —  0.5%
—Q— 1%
O 2%
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0.5% methanol were the optimum 82Se+ is observed at a lower NFR. The 
‘cooling’ of the plasma would require longer analyte residence time in the 
plasma to ionise. This in turn necessitates a lower NFR to achieve optimum 
sampling o f the M 4" zone;
(iv) the introduction o f  higher concentrations o f methanol requires a higher NFR 
for optimum Se+ sampling, which goes against the explanation above, (iii).
A possible explanation is that the addition o f methanol at higher 
concentrations somehow adds to the ionisation process, as previously seen for 
the VGN. This would probably affect ion yields as well as shift the 
optimum NFR to higher levels;
(v) the addition o f 2% methanol was found to detrimentally affect aerosol mist 
production by the USN and plasma flickering was observed. This led to an 
unstable signal at this concentration of methanol addition.
The internal standards o f indium and rubidium had optimum signal responses at lower 
NFR than selenium at 0.90 1 m in.'1.
The instrumental parameter o f forward power has already been shown to have a 
strong influence on signal response, especially when the plasma is loaded with an 
organic solvent. Figure 4.2.2.2. shows the effect o f varying forward power to the 
plasma and its effect on signal response.
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Figure 4.2.2.2. Signal response of 82Se+ as a function o f forward power to the plasma. 
A methanol concentration o f 1% v/v was used throughout the experiment and the 
method o f  sample introduction was the USN.
The dramatic improvement in signal response with increasing forward power is 
consistent with the findings for the VGN. However, with the VGN the signal response 
from 82Se+ tended to plateau at 1.3 - 1.5 kW with only a shift in optimum NFR 
observed (Figure 4.2.1.2. a).With the USN it seems the improved analyte transport and 
organic transport o f the system has led to a far greater methanol loading to the plasma. 
This extra loading requires more energy to overcome it, so a continued improvement 
in Se+ response is observed between 1.3 and 1.5 kW forward power. An optimum 
methanol concentration o f 1% v/v was chosen at 1.5 kW forward power and 0.95 1 
m in.'1 NFR for the production o f optimum Se+ signal.
It has already been observed that with the addition o f methanol to the sample, when 
using the VGN, a decrease in the optimum NFR was observed for the indium internal 
standard. An identical investigation for the USN is now presented to determine 
whether the same movement in the 115In+ peak occurs (Figure 4.2.2.3.).
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Figure 4.2.2.3. Signal response for 8~Se4 and 11 In+ as a function o f NFR and addition 
o f 1% methanol. The 1 '+ n+ response appears on the secondary axis.
As with the VGN (see Figure 4.2.1.4.) the addition o f methanol (1% v/v) to the sample 
results in a drop in the optimum NFR for the 1,5In+ signal compared with no methanol 
addition. The optimum Se+ signal remains at the same NFR whether methanol is 
added or not. As with the findings for the VGN the significance o f this observation is 
not important to the use o f indium as an internal standard as the signal response from 
the indium at an NFR to suit Se+ analysis (0.95 1 m in .1) is more than adequate for the 
task.
Next an investigation o f the ability o f methanol addition to suppress ArCl' and Ar2' 
interferences will be presented for the USN method o f sample introduction.
The effect o f organic addition on spectroscopic interferences (USN)
As already observed, the interference problems for the 76, 77 and 78 isotopes for 
selenium are particularly bad (Figure 4.1.2.5.) when employing the USN as a method 
o f sample introduction. Within this section the 40Ar37Cl+ interference will be 
investigated with the addition o f methanol to the sample (Figure 4.2.2.4.), followed by 
the results for the Ar2+ interference (Figure 4.2.2.5.).
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Figure 4.2.2.4. Signal response on m/z 77 and 82Se as a function o f  NFR with the 
addition o f 1% v/v methanol. Forward power o f 1.5 kW.
The observations made from adding methanol (1% v/v) to the sample and the benefits 
from this a r e :
(i) a three fold suppression o f the 40Ar37Cl+ signal is observed on the m/z 77 
signal with the addition o f 1% methanol compared to the same conditions but 
without methanol (see Figure 4.1.2.5.). The rate o f suppression o f the 
40Ar37Cl+ signal with the addition o f methanol for the USN is far greater than 
that with the VGN. With the VGN the interference was reduced from -  35,000 
cts sec.'1 (no methanol addition) to 21,000 cts sec.'1 (with 2.5% methanol 
addition) resulting in a 1.67-fold suppression. However, the interference signal 
was initially far smaller with the VGN when compared with the USN;
(ii) the optimum signal peaks for 40Ar37Cl+ and 82Se+ are the same distance 
apart (in terms of NFR) with methanol addition, but at a slightly lower NFR, 
than without methanol addition. The distance between the interference and 
‘true’ peaks are the same as that observed with methanol addition and the 
VGN;
(iii) the isotope ratio o f 82Se+:77Se+ at 1.00 1 m in.'1 with the addition o f 1% 
methanol has improved to 0.84:1. This ratio is still below the expected 
ratios of 1.21 (natural ratio) and 1.14 (the ratio for the ICP-MS used in this 
work) and is due to the overlapping of the interference peak with the ‘true’ 
77Se+ peak.
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The results for the addition o f  methanol to the sample for the USN and the 
suppression o f 40Ar37Cl+ are somewhat disappointing. Although methanol addition 
‘soaks-up’ a large proportion o f the interference form 40Ar37Cl+ the resulting signal 
ratios o f 82Se+:77Se+ are poor. This confirms that the 77Se+ isotope is unsuitable for 
routine analysis with the USN when C f is present as part o f the sample matrix.
Next, the effect o f adding methanol to the sample and the resulting influence on the 
Ar2+ interferences on m/z 76 and 78 will be investigated (Figure 4.2.2.5.).
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Figure 4.2.2.5. Signal response on m/z 76, 78 and 82Se+ with the addition o f 1% v/v 
methanol to the sample. The USN is the method o f sample introduction and the 
instrumental operating conditions o f 1.5 kW forward power apply.
Again the addition o f methanol to the sample for the USN gives some very good and 
some disappointing results in terms o f using 78Se+ and 76Se+ isotopes;
(i) the signal response from Ar2+ species has undergone a three-fold increase in
response compared to the same conditions but without methanol addition. This 
infers that the plasma is hotter with methanol addition leading to increased 
fonnation o f Ar2+ species;
(ii) the m/z 78 signal has a definite ‘shoulder’ at 0.85 1 m in.'1 which strongly 
overlaps the 78Se+ peak at LOO 1 m in.'1 (the presence o f the shoulder is
2 1 0
confirmed by the presence o f the 40Ar36Ar+ peak at the same NFR). On further 
investigation o f the 82Se+:78Se+ isotope ratios a very favourable 0.385:1 ratio is 
achieved compared to a natural value o f 0.39:1, and instrumental value o f 
0.38:1. This implies that there is an interference on 82Se+. The reasoning 
behind this suggestion is that the m/z 78 peak at 1.00 1 min."1 is made up o f 
78Se+ and 40Ar38Ar+. This can be verified by investigation o f the m/z 76 signal 
at 1.00 1 min."1 which is made up o f 40Ar36Ar+ and 76Se+. A signal response o f 
-100,000 cts sec.'1 at 1.00 1 m in.'1 is obviously above the expected value o f 
76Se+ (9.0 % natural abundance). Therefore, as m/z 76 and m/z 78 share 
various argon dimer interference, a significant influence must still be present 
on the m/z 78 peak (at 1.00 1 m in.'1) from 40Ar38Ar+. As there is still some 
40Ar38Ar+ interference on m/z 78 then the 82Se+:78Se+ ratio should be lower 
than that observed. Quantification o f the exact magnitude o f the influence is 
difficult as the ‘benchmark’ 82Se+ signal is under question and the contribution 
from Ar2+ species and Se+ species at m/z 76 and 78 are difficult to 
differentiate. However, the m/z 78 signal seems to have been improved as the 
Ar2+ interference has been suppressed and the 78Se+ signal enhanced. This 
combination o f improvements may allow the use o f 7SSe+ for selenium 
determinations.
It is now necessary to review the effect o f methanol addition has on the formation o f
12C37C1+ and 40Ar12C+ must now be reviewed for the USN.
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Figure 4.2.2.6. Signal response on m/z 49 without and with the addition o f 1% v/v 
methanol at 1.5 kW forward power. The response without methanol addition appears 
on the secondary axis.
It should be noted that:
(i) the signal at 1.10 1 min.-1 without methanol addition is probably due to the 
presence of the polyatomic 14N 35C1+ as also seen with the VGN;
(ii) the signal response on m/z 49 peaks at 1.00 1 min.-1 with the addition o f 
methanol, gives a count rate o f 4. lx l0 6 cts. sec.'1. This compares to the VGN 
that produced -700,000 cts. sec.'1 under optimum conditions. So although the 
USN produces more 40Ar37Cl+ polyatomic ions than the VGN under the same 
conditions, the use o f the USN with methanol addition also forms competing 
polyatomic ions to a far greater degree. The USN increases the formation o f 
40Ar37Cl+ by 6.6 fold over the VGN (230,000 compared to 35,000 cts sec."1), 
but the USN only improves the formation o f 12C37C1+ by 5.9 times compared 
to the VGN (4,100,000 compared to 700,000 cts sec.'1).
The addition of different concentrations o f methanol and their effect on the formation 
o f CC1+ and 40Ar37Cl+ are investigated next when using the USN (Figure 4.2.2.7.).
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Figure 4.2.2.7. (a) Signal response on m/z 49 as a function o f NFR with the addition o f 
various concentration o f methanol for the USN. Forward power to the ICP is 1.5 kW 
throughout.
The addition o f 1% v/v methanol gives the most favourable conditions for the 
formation o f the competitive ion formation 12C37C1+. The optimum NFR for the 
formation o f the competitive ion 12C37C1+ differs slightly from that o f the optimum 
NFR for the formation o f Se+ (0.95 1 min."1 for CC1+ and 1.00 1 min."1 for Se+). This 
situation is unlike the observation with the addition of methanol when using the VGN, 
where the CC1+ and Se+ share an optimum NFR.
Nebuliser flow rate (1/min.)
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Figure 4.2.2.7. (b) Signal response on m/z 77 as a function o f NFR with the addition 
o f various concentrations o f methanol for the USN. Forward power to the ICP is 1.5 
kW throughout.
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Figure 4.2.2.7. (b) (previous page) Signal response on m/z 77 as a function o f NFR 
with the addition o f various concentrations o f methanol for the USN. Forward power 
to the ICP is 1.5 kW throughout.
The addition o f 1% v/v methanol is confirmed as being the most suitable 
concentration for suppression o f the formation o f 4<)Ar37Cl+ polyatomic ion 
interferences at a NFR of 0.8 1 m in.'1. As with the VGN there seems to be a direct
12 3 7  4relationship between the formation o f the competitive polyatomic ion C Cl and the 
suppression o f the 4llAr37Cl+ ion on m/z 77.
8? 4 77 4 * * * j * *Figure 4.2.2.8. provides a summary o f the "Se : Se ratios achieved with the addition 
o f various concentrations o f methanol to the sample when using the USN.
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Figure 4.2.2.8. s2Se+:77Se+ isotope ratio as a function of % (v/v) methanol added to the 
sample. The horizontal line represents the s2Se+:77Se+ isotope ratio o f the ICP-MS 
used.
4 .3 . E v a lu a t io n  o f  I n s t r u m e n t  P e r f o r m a n c e  u s in g  th e  V a r io u s  
M e th o d s  o f  S a m p le  I n t r o d u c t io n  (V G N , U S N  a n d  H G ).
A critical evaluation o f the various methods o f sample introduction must now be 
undertaken in terms o f the various analytical figures of merit (AFM). The parameters
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chosen are sensitivity, detection limits and signal stability (short and long-term). 
Whenever possible values for as many o f the selenium isotopes as possible will be 
given. To ensure a fair comparison conditions are kept as constant as possible, namely 
the use o f the same standard solutions and ‘clean’ operating conditions.
Sensitivity
Sensitivity will be demonstrated in terms o f the maximum signal response achievable, 
for a method o f sample introduction, per pg I'1 o f selenium. The methods o f 
introduction were used under their optimum instrumental conditions. A single 
selenium standard, 10 pg I 1 in 1% H N 03 was used throughout.
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Figure 4.3.1. Signal response on x2Se' using the various methods o f sample 
introduction. A 10 pg F l selenium standard was used but the results are expressed as 
signal response for 1 pg I"1. HG + NEB refers to the separately nebulised (VGN) 
internal standard method for hydride generation.
The HG method o f sample introduction is without doubt the most efficient method o f 
transporting the analyte to the ICP. However, other factors have to be taken into 
consideration such as the volume o f sample required for these methods o f sample 
introduction. If this is considered then the great advantage o f HG over the other
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this is taken into consideration the relative advantages o f HG over the other methods, 
in terms o f sensitivity, are lost.
Detection limits
Detection limit calculations were calculated using the mean o f the blank signal plus 3 
standard deviations o f the blank signal (x +  3sB) as discussed in section 2.3.1. This 
equates to the Lower Limit o f Detection (aLld)- All detection limit values are quoted 
in pg f l.
Table 4.3.2. Detection limits for the selenium isotopes 76Se+, 77Se+, 78Se+ and 82Se+ 
when using the VGN without and with organic solvent addition.
VGN 76Se+ 77Se+ 78Se+ 82Se+
No Organic addition 64 1.2 2.8 0.9
2.5% Methanol addition 52 0.5 0.4 0.4
2% Ethanol addition 52 0.6 0.6 0.6
The detection limits achieved with the VGN without organic solvent addition are 
better than those quoted by the manufacturer [Finnigan MAT, 1993], The detection 
limit quoted by Finnigan MAT for the determination o f selenium is -  2 pg F1 
compared with the detection limits o f this work o f 0.9 pg l '1 for 82Se. The reasons for 
this may include the manner in which Finnigan analysed their standard. The Finnigan 
results are for a whole suite o f elements, covering the mass range lithium to lead, and 
so the ICP-MS was not optimised for one particular element, as in this work.
Table 4.3.3. Detection limits for the selenium isotopes 76Se+, 77Se+, 78Se+ and 82Se+ 
when using the USN without and with methanol addition.
USN 76Se+ 77Se+ 78Se+ 82Se+
No Organic addition 4.4 0.20 0.08 0.15
2.5% Methanol addition 4.5 0.10 0.05 0.12
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Table 4.3.4. D etection  lim its  fo r  the selenium  isotopes 76Se+, 77Se+, 78Se+ and 82Se+ 
when using the H G  system w ith o u t and w ith  add ition  o f  nebulised in te rna l standard.
H ydride  Generation 76Se+ 77Se+ /8Se+ 82Se+
N o  nebulisation o f  in te rna l 
standard
2.4 0.074 0.030 0.040
A d d itio n  o f  in ternal standard 
through pneumatic nebuliser 2.3 0.068 0.026 0.034
The best detection lim its  are fo r  the H G  system when com bined w ith  a separately 
nebulised sample using the V G N  (i.e. runn ing  the H G  w ith  a w et plasma). A  detection 
lim it  o f  34 ng f 1 (pp t) equals, i f  no t betters the detection lim its  quoted in  the lite ra tu re  
fo r  H G -IC P-M S [Rayman, 1996]. T h is  is probab ly due to  the im proved perform ance 
in  terms o f  sensitiv ity o f  the H G  w ith  nebulised sample com pared w ith  ju s t the HG.
Signal stability
Signal s tab ility  fo r  the analysis o f  selenium  w i l l  be demonstrated on a short-term  
(w ith in-scan) and long-term  (3-6 hours) basis. W here possible the com parison o f  the 
selenium signal w ith  an in te rna l standard w i l l  be made.
T h e  V - G r o o v e  N e b u l i s e r  ( V G N )
A  standard so lu tion o f  10 pg  I"1 se lenim n, 50 pg I"1 ind ium  and germ anium  in  1% (v /v ) 
H N 0 3 was used throughout th is  study. A s before a ‘T 5 piece was used to  in troduce 
m ethanol o r water p rio r to  the V -g roove  nebuliser. The in troduc tion  o f  115In  and 74Ge 
a llow s investigation o f  th e ir  s u ita b ility  as internal standards fo r the analysis o f  
selenium. The standard sample was analysed every 20 m inutes fo r  340 m inutes and 
the results fo r the signal response and %  RSD fo r each scan were obtained. Th is  
experim ent was then repeated w ith  the add ition  o f  2.5% v /v  m ethanol (5%  before on­
line  1:1 d ilu tion ). The long-te rm  s ta b ility  o f  the 82Se+, 82Se+:ll:>In+ and 82Se+:74Ge+ 
signals are presented in  Figures 4.3.5. (a and b ) as norm alised signal response (s ignal 
response o f  scan d iv ided  by  the in it ia l signal response on scan num ber 1).
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Figure 4.3.5. (a).82Se+, 82Se+:115In + and 82Se+:74Ge+ norm alised signal response as a 
fu n c tio n  o f  tim e  to  show long-term  signal s tab ility . Experim enta l cond itions include 
no organic solvent add ition , 1.5 k W  fo rw a rd  power and 1.00 1 m in .'1 NFR.
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Figures 4.3.5. (b). 82Se+, 82S e V 1:)In+ and 82Se+:74Ge+ norm alised signal response as a 
fu n c tio n  o f  tim e  to  show long-term  signal s tab ility . Experim enta l cond itions include 
the add ition  o f  2.5%  v /v  methanol, 1.5 k W  fo rw ard  power and 1.05 1 m in .'1 NFR.
The tw o  figures c learly  show the benefits o f  better 82Se+ long-term  signal s tab ility
8 2  4
w ith  the add ition  o f  2.5%  v /v  m ethanol. The results expressed as a ra tio  o f  Se to  the 
in terna l standards show pa rticu la rly  good long-term  s tab ility  fo r  m ethanol add ition
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The tw o  figures c learly  show the benefits o f  better 82Se+ long-term  signal s tab ility  
w ith  the add ition  o f  2.5%  v/v  methanol. The results expressed as a ra tio  o f  82Se+ to the 
internal standards show pa rticu la rly  good long-term  stab ility  fo r m ethanol addition 
over the ~ 6 hour tim e  period. O f  the tw o  internal standards, the ra tio  o f  s2Se+:74Ge+ 
shows s ligh tly  better long-term  s tab ility  w ith o u t and w ith  methanol add ition  than the 
82Se+ and 82Se+:11:,In+ signals.
The short-term  signal s tab ility  (w ith in -scan signal s tab ility ) o f  the 82Se+ signal is 
demonstrated next fo r both w ith o u t organic solvent add ition and w ith  2.5%  methanol 
add ition  (F igure 4.3.6. a and b).
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Figure 4.3.6. (a) Short-term  signal s tab ility  o f  S2Se+ w ithou t the add ition  o f  methanol. 
The horizonta l bar represents the mean %  RSD fo r all 18 scans (4.15% ). Experim ental 
conditions include no organic add ition , 1.5 kW  fo rw ard  power and 1.00 1 m in .'1 NFR.
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A ga in , the add ition  o f  2.5%  v /v  m ethanol to  the standard sample has greatly  im proved 
the signal s tab ility  o f  82Se+, th is  tim e  on a short-term  scale (w ith in -scan , -  2 m inutes).
In  summary, the add ition  o f  2 .5%  v /v  m ethanol has therefore not o n ly  been shown to  
enhance signal response bu t also greatly  im prove short-term  and long-te rm  signal 
s tab ility  o f  82Se+.
The Ultrasonic Nebuliser (USN)
The U S N  was evaluated in  the same m anner as the V G N , using the same standard as a 
sample and w ith  the evaluation o f  m ethanol addition. The sample was analysed every 
20 m ins. as w ith  the V G N  study. The long-te rm  signal s ta b ility  o f  the U S N  was found  
to  be pa rticu la rly  poor at tim es due to  sim ple changes in  the device. A s already 
mentioned, the position ing  o f  the sample in jec to r tube o f  the face o f  the p iezo-e lectric  
plate is essential to the nebuliser perform ance. S ligh t varia tions in  th is  pos ition ing  
causes dram atic changes in  the fo rm a tio n  o f  the aerosol m is t and hence the 
nebulisa tion e ffic iency  o f  the sample through the nebuliser. Th is  observation is 
demonstrated in  the results fo r  fo u r separate long-term  investigations and can be seen 
be low  (Figures 4.3.7. (a) 82Se+ and (b) 82Se+: ll;,In +).
Time (mins.)
Figure 4.3.7.(a) N orm alised signal response fo r  82Se+ as a fu n c tio n  o f  tim e  (over a 3 
hour period). Four separate runs were conducted using the same standard solution. 
O p tim um  conditions fo r  the analysis o f  selenium  apply fo r  th is  experim ent when 
using the USN.
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T w o  o f  the long-term  investiga tions show ve ry  good s tab ility  fo r  82Se+ w h ils t the other 
tw o  demonstrate a s ign ifican t signal deprecia tion  w ith  tim e. Th is  was observed on 
m any occasions when u tilis in g  the U SN . In  F igure 4.3.7. (b) the same set o f  data are
82 4 115 *4” 82 +portrayed bu t w ith  the norm alised Se : In  signal ratio instead o f  ju s t Se .
Time (mins.)
Figure 4.3.7. (b ) N orm a lised  signal response fo r 82Se+:115In + as a func tion  o f  tim e  
(over a 3 hour period). Four separate runs were conducted using the same standard 
solution. O p tim um  cond itions fo r  the analysis o f  selenium app ly  fo r  th is  experim ent 
when using the USN.
The use o f  the 115In+ in te rna l standard seems to  s ligh tly  im prove  the results as the 
in terna l standard p a rtia lly  corrects fo r  m uch o f  the ‘ signal d r i f t ’ due to  changes in  the 
USN. Aga in , th is  shows the poor long-te rm  s ta b ility  o f  the U S N  demonstrated here as 
signal d rift.
Another in terna l standard, 74Ge, was also used and the same set o f  results but w ith  
82Se+:74Ge+ are portrayed in  F igure  4.3.7. (c).
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Time (mins.)
Figure 4.3.7. (c) N orm a lised  signal response fo r  82Se+:74Ge+ as a fu n c tio n  o f  tim e  
(over a 3 hour period). Four separate runs were conducted using the same standard 
solution. O ptim um  cond itions fo r  the  analysis o f  selenium  app ly fo r  th is  experim ent 
when using the USN.
The use o f  the 74Ge isotope fo r  in te rna l standardisation has qu ite  successfully 
accounted fo r long-term  instrum enta l d r if t  on the tw o  runs that showed p a rticu la rly  
poor long-term  s tab ility  (represented by  square and a tr iang le ) fo r  82Se+. The 
rem ain ing tw o  runs that showed fa ir  s ta b ility  have been fu rthe r im proved  and show 
excellent long-term  s ta b ility  (±  3% ) over a 3 hour period when germ anium  is used as 
an internal standard. The same experim ent was repeated bu t w ith  the add ition  o f  
m ethanol and fo r the longer tim e  o f  4 hours (F igure 4.3.8.).
Time (mins.)
— 82Se — X-82Se:115In —A— 82Se:74Ge
Figure 4.3.8. N orm alised signal response fo r  82Se+, 82Se+:115In + and 82Se+:74Ge+ as a 
func tion  o f  tim e  (over a 4 hour pe riod ) w ith  the add ition  o f  m ethanol (1% , v/v).
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O ptim um  conditions fo r the analysis o f  selenium apply fo r th is  experim ent when 
using the USN.
The long-term  signal s tab ility  o f  the USN appears to be greatly im proved w ith  the 
add ition  o f  1% methanol. How ever, as previously indicated the varia tions noticed 
between d iffe ren t runs cou ld  be enormous, w ith  some long-term  studies being 
pa rticu la rly  good and others not. It is possible that th is single study w ith  methanol was 
one o f  the stable runs, whereas another may not be as good. W hatever, the use o f  an 
interna l standard, especially 74Ge, greatly im proves the results compared w ith  raw  
x2Se+ data.
N ext, the short-term  s tab ility  o f  the s2Se+ signal investigated using ten separate 
analyses (F igure 4.3.9. (a)) was investigated. The USN was used as the method o f  
sample in troduction  to the ICP-M S.
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Figure 4.3.9. (a) Short-term  signal s tab ility  o f  S2Se+ w ithou t the add ition  o f  methanol. 
The horizonta l bar represents the mean %  RSD fo r a ll 10 scans (3.16% ). Experim ental 
conditions include no organic solvent add ition , 1.5 kW  fo rw ard  pow er and 1.0 1 m in. 1 
NFR.
223
Figure 4.3.9. (b) Short-term  signal s tab ility  o f  X2Se4 w ith  the add ition  o f  1% v/v  
methanol. The horizonta l bar represents the mean %  RSD fo r a ll 10 scans (3.15% ). 
Experim enta l conditions include 1.5 kW  fo rw ard  power and 1.0 1 m in. 1 NFR.
The add ition  o f  methanol to the sample appears to  have no effect on the short-term  
(w ith in -ru n ) s tab ility  o f  the USN compared w ith  no organic solvent in troduction .
The Hydride Generation System (HG )
Short and long-term  signal s tab ility  studies were conducted on the HG system. The 
same standard was used as that fo r the V G N  and USN studies. Comparisons o f  s^Se+ 
and X2Se+:M'In + signal s tab ility  were made using the V G N  to introduce the 11'In  
internal standard (contained in the standard sample) in to  the ICP v ia  the spray 
chamber. The sample was analysed every th ir ty  m inutes fo r 220 m inutes (Figure 
4.3.10.).
- X  82Se
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Figure 4.3.10. (Previous page) N orm alised signal response o f  Se and “Se : In as
a function  o f  tim e. O ptim um  experim enta l conditions fo r the analysis o f  selenium by 
H G -IC P-M S apply.
Despite the in it ia l drop in norm alised signal response fo r 8“Se+: l l 3In + th is  set o f  results
82 E  • ■«
shows particu la rly  good long-term  signal s tab ility  compared w ith  “Se w ith  no 
internal standard correction. The in it ia l drop in  norm alised signal response is probably 
due to the fact that the HG system operates better when analysing selenium i f  it  has 
had a selenium standard so lu tion  passed through it  p rio r to  analysis [G BC, 1990], For 
th is reason, once the system had settled and a few  standard solutions had been passed 
through it  the signal stabilised. The im portance o f  an internal standard fo r the analysis 
o f  selenium when using the HG system has been clearly  demonstrated.
14 i
1 2  3 4 5 6  7 8
S c a n  no.
Figure 4.3.11. Short-term  (w ith in -scan) signal s tab ility  o f  82Se (%  RSD) when using 
the HG system. The horizonta l bar represents the mean %  RSD fo r a ll 8 scans 
(6.58% ). O ptim um  experim ental cond itions fo r the analysis o f  selenium  by HG -ICP- 
MS apply.
Short-term  s tab ility  o f  the HG proves the poorest fo r a ll the methods o f  sample 
in troduction  investigated. Th is is probably due to the fluctuations in the plasma its e lf 
w h ich  have been caused by the hydrogen loading from  the HG system.
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4.4. Summary
The problem s o f  analysing se len ium  have been discussed in  terms o f  the poor
• 76 4 77 4” 78 4
sens itiv ity  and interferences suffered on  a selection o f  isotopes ( Se , Se , Se and 
82Se+). The disadvantages o f  poor analyte transport, ion isa tion  e ffic iency  and spectral 
interferences in  IC P -M S have been covered in  deta il and a selection o f  solutions to  
these problems presented.
The in troduction  o f  organics solvents to  the sample (when using the V G N  and U S N ) 
have been shown to have a three b e n e fic ia l effects fo r  the determ ination o f  selenium:
( i)  sensitiv ity  is im proved; the add ition  o f  2.5%  v /v  m ethanol to  a selenium  
standard when using the V G N  was shown to  produce a 4 -fo ld  im provem ent in  
sensitiv ity. O ther organic solvents were also shown to  im prove selenium 
sensitiv ity  when using the V G N . The add ition  o f  1% v /v  m ethanol to  the U S N  
im proved sens itiv ity  by  a fa c to r o f  ~  2.5;
( i i )  the add ition  o f  an organic so lvent (2 .5%  m ethanol or 2%  ethanol) to the 
sample when using the V G N  removes the po lya tom ic  io n  interference 
40A r37C l+ and 40A r38A r+ on m /z  77 and 78, respectively. Th is  a llow s the use o f
77 4  78 4* * iSe and Se isotopes fo r  selenium  measurements. The fo rm ation  o f  the 
com peting po lya tom ic  ions CC1+ and A rC + appear at, o r very close to the 
op tim um  instrum ental cond itions  fo r  the fo rm ation  o f  Se+. Th is means that 
op tim um  A rC l+ and A r2+ suppression occurs at the m ost opportune tim e, 
nam ely, when the op tim um  Se+ signal is being sampled;
( i i i )  the presence o f  an organic so lvent in  the sample stabilises the plasma to  give a 
better short-term  and long  te rm  selenium  signal s tab ility  compared to  that 
w ith o u t organic solvent add ition . Th is  s tab ility  is fu rthe r im proved by the use 
o f  74Ge+ as an in te rna l standard to  correct fo r  instrum enta l ‘ d r i f t ’ .
The long-term  s tab ility  o f  the U S N  has been con firm ed  to  be problem atic as 
instrum ental ‘ d r if t ’ is qu ite  severe and not always corrected fo r  by the add ition  o f  an 
in terna l standard. The add ition  o f  o rganic solvent to  the U S N  was found to  be
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troublesom e. The advantages o f  add ing m ethanol to the sample when using the U S N  
were found to  be m in im a l and d isappo in ting  compared to  the advantages discovered 
w ith  the V G N . The o n ly  pos itive  p o in t to  note from  the U S N  was the po tentia l use o f  
the 78Se+ isotope fo r  se len ium  analysis.
The hydride generation system has demonstrated good s tab ility  on a long-term  basis i f  
an in te rna l standard ( 115In ) is em ployed to  m on ito r variations in  the signal s tab ility . 
The add ition  o f  the in te rna l standard v ia  the V G N  also im proves the H G -IC P-M S 
system as i t  is operating w ith  a w e t plasma. The benefits o f  a w et plasma have been 
shown to  im prove sens itiv ity  (a 2- fo ld  im provem ent), s tab ility  (im provem ent m a in ly  
due to  the use o f  separately nebulised in te rna l standardisation) and detection lim its  
(34 ng T 1 instead o f  40 ng I"1) fo r  the determ ination  o f  selenium.
In  the next chapter the various methods o f  sample in troduction , along w ith  the ir 
m od ifica tions , w i l l  be assessed when they are applied to  the analysis o f  selenium  in  
b lood  serum.
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A n a l y s i s  o f  S e l e n i u m  C o n c e n t r a t i o n s  i n  B l o o d  S e r a m
5 .1 . M a t r i x  P ro b le m s  w foee A n a ly s in g  S e r a m  S a m p le s
M any o f  the problem s o f  analysing b lood  serum were addressed in  section 2.2.1. The 
purpose o f  the fo llo w in g  sections is to  concentrate on the problem s associated w ith  
certa in techniques fo r  d igestion o f  b lood  serum, in  the instances when digestion is 
appropriate and, u ltim a te  analysis o f  the sample fo r  selenium  content by ICP-M S. 
Special a ttention is g iven to  the various methods o f  sample in troduc tion  and the ir 
m odifica tions.
Hum an serum contains large amounts o f  dissolved salts (~  10 g I '1) and proteins (60 - 
80 g f 1) [Vandecasteele, 1993b]. These constituents can cause b lo ck in g  o f  the 
M e inhard t nebuliser, to rch  in jec to r tube o r sam pling cone o rifice . T o  avo id  th is, the 
sample can be digested, o r a lte rna tive ly  d ilu ted  su ffic ien tly , to  reduce these m a trix  
derived problems. The presence o f  the salts and organic m ateria l can also a ffect the 
cond itions in  the ICP. Th is is especia lly true when sodium  is present since analyte 
ions are form ed earlie r in  the ICP [O les ik , 1996],
Trace elem ent analysis by  IC P-M S is sensitive to  the am ount o f  d issolved solids in  the 
sample. H ouk  [1986] recommended keeping the to ta l solute levels be low  2%  i f  the 
sample so lu tion  is to  be nebulised con tinuously fo r any length o f  tim e. Th is  avoids 
b lo ck in g  o f  the sam pling cone and m in im ises signal suppression by m a trix  elements.
The im pact o f  sodium  suppression on the analysis o f  trace elements is o f  some 
concern to  the analyst using ICP-M S. As the ICP is e lec trica lly  neutral and the 
presence o f  doub ly charged ions is lo w , the M S  sees an ion  density d ire c tly  related to  
the to ta l e lectron density present in  the reg ion  o f  the plasma sampled [H ouk, 1986]. 
N ebu lisa tion  o f  solutions conta in ing  re la tive ly  large amounts o f  sodium  w i l l  tend to 
g ive ion  signals that are la rge ly  made up o f  Na+. H ouk demonstrated th is  by 
nebu lis ing  a 0.02 M  N aC l so lu tion  (0 .12% ) using an u ltrason ic nebuliser. The 
resultant sodium  peak was approx im ate ly  30%  o f  the to ta l ion  signal. Thus, the to ta l 
e lectron density in  the ICP and thereby its a b ility  to  ionise other elements, is
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dependent on the am ount o f  sodium  present. W hen analysing samples w ith  high a 
sodium content, the electron density w il l  be altered in the ICP, as in  the equation 
M ^ M + + e‘ . H ouk demonstrated the a ffect on the analyte by observing the C o ' 
signal w ith  and w ithou t the add ition  o f  0.02 M  NaCl. He noted that the C o + signal 
w ith  N aC l add ition was 70%  o f  that achieved w ithou t NaC l addition. The suppression 
o f  the analyte signal by sodium in  the m a trix  w il l  be sample - dependent and so vary 
between samples. A  sim ple experim ent was conducted to assess the im pact the 
sodium from  b lood serum w ou ld  have on the selenium signal. A  set o f  selenium 
standards were spiked w ith  vary ing concentrations o f  sodium ch lo ride  and analysed
, 02
fo r selenium using “Se . Both  the V G N  and USN were assessed (F igure 5.1.1.). The 
potentia l fo r the USN to transport more o f  the sodium in the sample to  the ICP is o f  
particu la r importance.
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Figure 5.1.1. Relative signal response o f  X2Se+ w ith  the add ition o f  sodium.
The im proved transport e ffic iency  o f  the USN again proves to be a problem  as the 
unwanted parts o f  the sample m a trix  are also transported w ith  greater e ffic iency; in 
th is case sodium is the undesired part o f  the m atrix. The Se* signal w ith  the VG N  
does demonstrate some suppression at h igher concentrations o f  sodium  (Se+ =  96%  at 
1000 pg m l"1 sodium ) but not as d ram atica lly  as the suppression observed w ith  the 
USN (Se+ =  88%  at 1000 pg m l' 1 sodium).
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The im portance o f  the sodium  suppression on analyte ions during  rou tine  analysis o f  
b lood  serum should be put in to  context. The sodium  concentration in  hum an b lood  
serum is about 3250 pg m l' 1 (range 3130 - 3370 pg m l"1) [Iyengar, 1978]. I f  a 10-fo ld  
d ilu tio n  o f  the serum sample is undertaken, then the sodium  concentration fa lls  to 
about 325 pg m l"1. A t  th is  sodium  concentration no s ign ifican t suppression o f  the 
selenium  signal was observed fo r  e ither the V G N  o r USN as the results rem ained 
w ith in  the devia tion  o f  the signal on a short-term  basis (±  3%). I f  samples w ith  h igher 
sodium  concentration were analysed, then in te rna l standardisation cou ld  account fo r  a 
certa in degree o f  ion isa tion  suppression. H ow ever, th is  is dependent on the in terna l 
standard undergoing the same degree o f  suppression (o r enhancement) as the analyte.
5 .2 . S im p le  O ifa t io B i o f  B lo o d  S e r u m
The advantages o f  be ing able to  prepare a b lood  serum sample by  sim ple d ilu tio n  are 
many. They inc lude the fo llo w in g :
( i)  the sample preparation technique is sim ple and is less lik e ly  to  su ffe r from  
trace elem ent contam ination;
( i i )  analyte losses are m in im ised  compared to  acid d isso lu tion  techniques where 
vo la tile  analytes are easily lost;
( i i i )  the lack o f  need fo r  acid d isso lu tion  reduces the safety risk ;
( iv )  the cost o f  sample analysis is reduced as less reagents are required and the 
to ta l analysis tim e  is greatly reduced.
Dams [1995] stated that an 8- fo ld  d ilu tio n  o f  the serum sample is appropriate to 
reduce c logg ing o f  the nebuliser to  an acceptable level.
The w o rk  by Q uijano et al. [1995], a lthough based on serum sample d ilu tio n , d id  have 
a reduction step to  convert Sevl to  Selv  Th is  invo lved  tak ing  5 m l a liquots o f  the 50- 
fo ld  d ilu ted  serum and b o ilin g  them  at 100°C w ith  3 m l o f  concentrated H C I fo r 10 
m inutes p r io r to  analysis by  H G -IC P-M S.
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Table 5.2.1. L ite ra tu re  covering the subject o f  body flu id s  analysis using sim ple 
d ilu tio n  o f  the sample fo llo w e d  by IC P-M S analysis.
A u th o r D ilu t io n  fac to r D ilu e n t M ethod o f
(Date o f  pub lica tion ) sample
in troduction
*Vandecasteele (1993) 5-fo ld 0.14 m ol r ‘ H N 0 3 PN
*Vanhoe (1994) 5 -fo ld 0.14 m o l l ‘ ] H N 0 3 PN
Dam s (1995) 8- fo ld 0.14 m o l r 1 H N 0 3 PN
Q uijano (1995) 50 -fo ld D eionised water F I-H G
*Vanhoe (1995) 5 -fo ld 0.14 m ol I"1 H N 0 3 PN
P N  =  Pneum atic nebulisation, e.g. V G N  
F I-H G  =  F low -in jec tion  hydride generation 
*  selenium  values not reported in  pub lica tion .
A s a result o f  the above studies, i t  was decided to  investigate the use o f  sim ple 
d ilu tio n  o f  b lood  serum fo r  selenium  analysis using the S O LA  IC P-M S instrument.
T w o  types o f  in jec to r tube were considered fo r the in troduc tion  o f  the nebulised 
d ilu ted  serum in  the w o rk  covererd by th is  thesis. B o th  types were o f  the same 
dim ensions in  terms o f  length and bore size but one had a constric tion  about 1 . 5 - 2  
cm. from  the end o f  the to rch  (F igure 5.2.2.).
g r o u n d  g l a s s
12 c m s . 
S a m p le  I n je c to r  T u b e  1
Figure 5.2.2. Type I sample in jec to r tube w ith  a constric tion  in  its  in  centra l bore.
The other had no constric tion  and s im p ly  tapered from  the ground glass connection to  
the sample outlet. I t  was found that w ith  the V G N  and U SN, the nebu lis ing  o f  10, 20
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or 50 -fo ld  d ilu ted  serum rap id ly  led to b lock ing  o f  the type 1 in jec to r tube. B lockage 
o f  th is in jecto r tube occurred w ith in  a few  m inutes when 10 o r 20-fo ld  d ilu ted  serum 
was nebulised through the USN. The bu ild -up  o f  prote in deposits around the 
constric tion  occurred w ith in  an hour o f  sam pling fo r 50 -fo ld  d ilu ted  serum. This 
eventua lly led to the plasma being extinguished as the result o f  small particles 
breaking loose and entering the plasma. Before the plasma extinguished, a drop in 
signal response was observed. Th is  is portrayed in Figure 5.2.3.
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Figure 5.2.3. Signal response (82Se’r) fo r the tw o  types o f  sample in jec to r tube used. A  
50 -fo ld  d ilu ted  serum sample (in-house reference serum d ilu ted  in 1% v/v  H N O 3) was 
nebulised using the USN fo r th is study.
The use o f  the type 2 in jec to r tube prevented b u ild  up o f  deposits because the smooth 
lam inar f lo w  a llow ed the d ilu ted  serum aerosol to enter the plasma w ithou t any 
v is ib le  prote in deposition along the length o f  the tube. Th is was true fo r 10, 20 and 
50 -fo ld  d ilu ted  serum throughout a 7-10 hours analysis period. The constric tion  in the 
type 1 in jec to r provided an obstruction to the f lo w  o f  aerosol encouraging prote in 
deposits to form . In add ition , the p ro x im ity  o f  the constric tion  to the hot plasma 
w ou ld  also encourage the denaturing o f  the proteins in  the aerosol. To  avoid the b u ild ­
up o f  deposits in  the sample in jec to r tube when analysing d ilu ted  serum, a ll fu rther 
w ork  was restricted to the type 2 in jec to r tube. In addition , the s tab ility  o f  the ' "Se 
signal was notably superior w ith  the type 2 in jec to r tube compared to  type 1 (Figure
5.2.3.).
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The problems associated w ith  in troduc ing  d ilu ted  serum in to  the nebuliser 
(V G N /U S N ) are d iffe ren t than those associated w ith  in troduc ing  m inera lised samples. 
The undigested serum reduces nebu lisa tion  e ffic iency  (U SN ), b locks in jec to r tubes 
and clogs up the sam pling cone o rifice  w ith  carbon deposits. In  sections 5.2.1. (V G N ) 
and 5.2.2. (U S N ) the long  and short-term  signal s tab ility , or precision, o f  the serum 
d ilu tio n  m ethod w i l l  be assessed. Th is  w i l l  enable a judgem ent to  be made 011 the 
su ita b ility  o f  the m ethod in  the fo llo w in g  terms:
( i)  long-term  s ta b ility  w i l l  demonstrate whether the serum is b lo ck in g  the 
sample in troduction  system o r sam pling cone o rifice ;
( i i )  short-tenn s ta b ility  w i l l  indicate w hether the d ilu ted  serum is bad ly a ffecting  
the s tab ility  o f  the plasma leading to  poor ‘ w ith in -ru n ’ signal variations.
The above can then be used to  assess the s im ple d ilu tio n  m ethod fo r app lica tion  to  the 
routine  determ ination o f  selenium  concentrations in  b lood  serum.
5.2.1 A na lys is  o f  d ilu te d  se rum  us ing  the  V G N  as the  m ethod o f  sam ple 
in tro d u c tio n
The in-house serum (section 2.4.2.) was d ilu ted  w ith  1% v /v  H N O 3 (0.14 m o l I '1) and 
analysed every 20 m inutes over a period  o f  340 m inutes fo r  10-fo ld  d ilu ted  serum, 
300 m inutes fo r  20 -fo ld  and 220 m inutes fo r  50 -fo ld  d ilu ted  serum. As an on-line  
d ilu tio n  took  place, the in te rna l standards o f  both  germ anium  and ind ium  were added, 
as was m ethanol on occasion. U nder these circumstances the serum sample d ilu tions  
were 5, 10 and 25 -fo ld  respectively. The results o f  th is  study are shown be low
77 "H* 82 4(Figures 5.2.1.1. a, b, c.) as norm alised Se and Se signals (signal response at Tx
74-d iv ided  by  signal response at T 0). The incorpora tion  o f  the in terna l standards, Ge 
and 115In , are also reported. The fo llo w in g  observations can be made fro m  the graphs:
( i)  the s tab ility  o f  82Se+ fo r 10 -fo ld  d ilu ted  serum seems fa ir ly  good u n til the 
sudden drop in  signal w h ich  occurred after about 5 hours. Th is  drop in  signal 
fo r  the selenium  isotopes also occurred w ith  the 74Ge+ and 115In+ internal 
standards and was due to  blockage o f  the o rifice  in  the sam pling cone.
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The long-term  s tab ility  o f  the 77Se+ isotope signal was not as good as the signal 
observed fo r the 82Se+ isotope;
( i i )  the use o f  an in terna l standard fo r  the 10- fo ld  d ilu ted  serum indicates a steady 
decrease in  the in terna l standard signal. Th is is demonstrated by  the Se+:Ge+ 
and Se+:In+ p lo ts increasing w ith  tim e. The selenium  signal has been shown to 
be fa ir ly  stable w ith  tim e  so, one m ust draw  the conclusion tha t the signal 
response fo r 74Ge+ and l l 5In + decreases w ith  tim e. The use o f  an in terna l 
standard fo r  th is  leve l o f  d ilu tio n  w o u ld  give inaccurate results and hence 
determ inations w ith o u t an in ternal standard w ou ld  be the on ly  op tion  unless 
another, more suitable, in terna l standard was found;
77 j 82 |
( i i i )  there appears to be a steady decrease in  the Se and Se signals fo r  20 -fo ld  
d ilu ted  serum. Th is  cou ld  be due to  a progressive bu ild -up  o f  carbon deposits 
in  the sam pling cone o rifice , resu lting  in  a steady reduction  in  signal. The on ly  
exam ple in  w h ich  th is  signal depreciation was not observed was fo r 
82Se+:74Ge+ ra tio  w h ich  showed a stable signal throughout the five  hours w ith  
on ly  a s ligh t decrease at 280 and 300 m inutes in to  the experim ent. Th is 
demonstrates the su ita b ility  o f  germ anium  as an in terna l standard fo r  the 20- 
fo ld  d ilu ted  serum analysis w hen using the 82Se+ isotope fo r  calcu lations o f  
concentration;
( iv )  the long-term  signal response o f  50 -fo ld  d ilu ted  serum appears to  be fa ir ly
77 4 82 4
good w ith  reasonably u n ifo rm  signal response fo r Se and Se (w ith  and 
w ith o u t in te rna l standard correction) over the fo u r hour period. How ever, the 
signal response fo r 77Se+ and 82Se+ is on ly  in  the order o f  -  800 cts. sec.'1 
w h ich  is not su ffic ie n tly  above the background signal to  a llo w  accurate 
determ inations o f  selenium  concentrations in  50 -fo ld  d ilu ted  serum.
The long-tenn s tab ility  o f  the d ilu ted  serum results when using the V G N  are now  
presented in  Table. 5.2.1.2. The %  RSD o f  the signal fo r  77Se+ and 82Se+ w ith  and 
w ith o u t 74Ge+ and 115In+ in terna l standards (LS .) are given.
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Table 5.2.1.2. Long-term  signal s tab ility  expressed a %  re la tive  standard devia tion  (%  
R SD ) o f  the 77Se+ and 82Se+ signals fo r  various d ilu tio n ’ s ( in  1% v /v  IT N 0 3) o f  serum. 
The use o f  an in terna l standard (I. S.) (74Ge+ and 115In * ) is also reported. The V G N  is 
the m ethod o f  sample in troduction .
10- fo ld  d ilu tio n  (n=18) 20-fo ld  d ilu tio n  (n=17) 50 -fo ld  d ilu tio n  (n=12)
I.S. 77Se+ 82Se+ 77Se+ 82Se+ 77Se+ 82Se+
None 12.97 8.77 19.57 10.47 5.18 3.21
74Ge+ 8.87 6.99 11.41 3.08 6.81 1.87
I 15In+ 9.94 7.91 31.44 22.41 7.68 2.97
P rio r to  the sudden loss o f  signal w ith  10-fo ld  d ilu ted  serum (a t tim e  =  T 0 +  300 
m inutes), the long-term  %  R SD  was a lo w e r value o f  4.82 and 3.41%  fo r 77Se+ and 
82Se+ respectively.
The best s tab ility  is observed w ith  50 -fo ld  d ilu ted  serum, bu t the lo w  signal response 
when using the V G N  precludes the use o f  th is  d ilu tio n  level. The long-term  s ta b ility  is 
always better fo r 82Se+ rather than the 77Se+ isotope.
The s tab ility  fo r 10-fo ld  d ilu ted  serum is consistently better than 20 -fo ld  d ilu ted  
serum (except fo r the 82Se+:74Ge+ long-term  signal s tab ility ) and also give a better 
signal response due to  the lo w e r d ilu tio n  factor.
The use o f  74Ge+ as an in te rna l standard tends to im prove long-term  stab ility  o f  the 
82Se+ signal, a llo w in g  fo r a certa in  am ount o f  instrum ental d rift.
77 1 82 4
A  rev iew  o f  the short-term  s tab ility  fo r  the Se and Se signals indicates on ly  fa ir
signal s tab ility  fo r  10, 20 and 50 -fo ld  d ilu ted  serum (Table 5.2.1.3.). Short-term  signal
s ta b ility  represents w ith in  a ‘ s ingle sam ple’ analysis signal varia tion.
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Table 5.2.1.3. Short-term  signal s tab ility  expressed as %  re la tive  standard devia tion  
(%  R S D ) o f  the 77Se+ and 82Se+ signals fo r various d ilu tio n ’ s o f  serum and using the 
V G N  as the m ethod o f  sample in troduction .
10- fo ld  d ilu tio n  (n=19) 20- fo ld  d ilu tio n  (n = 12) 5 0 -fo ld  d ilu tio n  (n = l 1)
77Se+ 82Se+ 77Se+ 82Se+ 77Se+ 82Se+
%  RSD 6.44 5.87 11.51 5.97 9.04 3.50
The short-term  82Se+ signal s ta b ility  is consistently better than the 77Se+ signal and 
fo llo w s  that seen fo r long-term  s tab ility  above. A l l  o f  the mean %  RSD  are over 5% 
except fo r  the 82Se+ w ith  a 50 -fo ld  d ilu te d  serum. However, the Se+ signal at th is  leve l 
o f  d ilu tio n  is so lo w  that i t  makes serum analysis by IC P-M S using the V G N  as the 
m ethod o f  sample in troduction  very problem atic.
Based on the above find ings, a d ilu tio n  fac to r o f  10-fo ld  d ilu tio n  was choosen fo r  a ll 
fu rthe r w o rk  because i t  produced the highest signal response and, both moderate 
short-term  and long-tenn  signal s tab ility  is achieved. However, care fu l m on ito ring  o f  
the in terna l standard and analyte signal is im portant because o f  the problems 
associated w ith  sample cone o r if ic e  blockage.
The same experiments w ith  d ilu ted  serum were repeated as above w ith  methanol 
addition . The concentration o f  organic solvent add ition  to  the sample m ust take in to  
account the carbon con tribu tion  fro m  the proteins and other organic m ateria l present 
in  the serum when analysing a sample fo r  its  selenium  content. For th is reason, the 
add ition  o f  2.5%  v /v  m ethanol to  d ilu te d  serum samples was investigated to  determ ine 
the 82Se+ enhancement w ith  organic solvent add ition  (F igure 5.2.1.4.).
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Figure 5.2.1.4. Relative signal enhancement o f  X2Se+ signal w ith  the add ition  o f  2.5%  
methanol (compared w ith  no methanol add ition ) as a function  o f  the serum d ilu tio n  
factor. The 77Se+ and 7sSe+ isotope signals fo llow ed  a s im ila r trend to  that seen fo r
82Se+.
The con tribu tion  o f  carbon from  the serum has a s ign ifican t im pact on the a b ility  o f  
methanol add ition  to  enhance the selenium  signal. As reorted in  Chapter 4, when 
using standards a 4.28 fo ld  increase in the s2Se' signal was observed w ith  the add ition  
o f  2.5%  methanol. However, the add ition  o f  methanol to  a serum sample has fa r less 
in fluence on the re la tive  signal enhancement and is dependent on the d ilu tio n  factor 
o f  the serum. Th is  cou ld  be due to  the fo llo w in g :
( i)  the presence o f  sodium  salts in  the serum sample are suppressing the Se4 
signal. Th is  is un like ly , as earlie r dicussion in th is chapter shows (Figure
5.1.1.);
( i i )  the extra con tribu tion  o f  carbon from  the serum is increasing the organic 
loading to  the plasma. The organic concentration is pushed beyond the 
op tim um  conditions w h ich  results in  a decrease in re la tive enhancement.
The situation fo r the 10-fo ld d ilu ted  serum, where the s"Se+ signal actua lly decreases 
w ith  methanol add ition (com pared to no organic solvent add ition ) tends to suggest 
that the second o f  these explanations is the most plausable. As ou tlined  in  Chapter 4,
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the add ition  o f  more organic solvent beyond a certa in op tim um  l im it  led to  a 
depreciation o f  the Se+ signal response. I t  appears that th is  cou ld  also be the case here, 
as more organic m ateria l in  the fo rm  o f  proteins is added to  the 2.5%  m ethanol 
already present. Th is fac ilita ted  re-evaluation o f  the organ ic-add ition  technique fo r  the 
analysis o f  selenium  concentrations in  d ilu ted  serum.
In  an attem pt to  d iscover the op tim um  concentration fo r  the add ition  o f  organic 
solvent to  10-fo ld  d ilu ted  serum, a re-evaluation study was perform ed. The add ition  o f  
the organic solvent m ethanol was chosen as i t  showed the greatest a b ility  to  enhance 
Se+ sensitiv ity. A lthough  the add ition  o f  ethanol, like  m ethanol, was found to  greatly 
suppress A r2+ and A rC l4 po lya tom ic  ion  interferences, m ethanol add ition  was chosen 
based 011 its a b ility  to  greatly enhance the signal and reduce po lya tom ics at the same 
tim e.
A  s im plex op tim isa tion  software program m e (w ritten  by  M . D urran t, U n ive rs ity  o f  
Surrey, 1993) was em ployed to  optim ise the 82Se+ signal using the ICP-M S. The long 
process o f  un ivaria te  analysis, used in  Chapter 4 w ith  standard solutions as samples, 
was not repeated as not a ll the in fo rm a tion  was required. The sole a im  o f  the present 
study was the op tim isa tion  o f  Se+ and th is  cou ld  be achieved m ore q u ick ly  and 
e ffic ie n tly  using s im plex optim isa tion . The s im p lex software was run  on a separate 
PC and the variables were: %  m ethanol added (0.10, 0.25, 0.50, 0.75, 1.00, 1.25 1.50, 
1.75 and 2.00 % ); fo rw ard  pow er to  the plasma (1.1 - 1.5 kW ); N F R  (0.80 - 1.20 1 
m in '1). The in-house reference serum, d ilu ted  10-fo ld  or 2 0 -fo ld  and spiked w ith  10 
pg I 1 selenium standard, was used fo r  th is study. The software rap id ly  (w ith in  30 - 40 
steps) optim ised the conditions fo r  the m axim um  selenium  signal in  10- fo ld  d ilu ted  
serum fo r the V G N  and 2 0 -fo ld  d ilu ted  serum fo r  the USN. The new  set o f  op tim um  
cond itions fo r  the add ition  o f  m ethanol to  d ilu ted  serum samples are shown in  Table
5.2.1.5.:
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Table 5.2.1.5. O p tim um  cond itions fo r  the analysis o f  selenium  in  d ilu ted  b lood  
serum.
%  O rganic Forw ard N F R  (1 m in . '1)
Power (kW )
V G N  (1 0 -fo ld  d ilu t io n )
N o  organic - 1.5 1.00
M ethano l add ition  1 1.5 1.00
U S N  (20 -fo ld  d ilu t io n )
N o  organic - 1.5 0.90
M ethano l add ition  0.25 1.6 0.95
The op tim um  conditions fo r  the analysis o f  selenium in  d ilu ted  serum obviously 
requires less organic solvent add ition  than w ith  ‘ clean’ m atrices, such as the standards 
used in  Chapter 4. The re la tive  signal enhancement o f  82Se+ w ith  the add ition  o f  
m ethanol, compared w ith  no organic add ition , is not as great as that seen w ith  the 
standard solutions. The re la tive  signal enhancements w ith  organic add ition  to d ilu ted  
serum samples are shown in  Table 5.2.1.6.:
Table 5.2.1.6. Relative 82Se+ signal enhancement w ith  the add ition  o f  organics to 
d ilu ted  seaim samples using the V G N  and U S N  as the methods o f  sample 
in troduction .
Relative 82Se+ signal 
enhancement
V G N , 10-fo ld  d ilu ted  serum 2.80
1%  v /v  m ethanol add ition 2.80
U S N , 2 0 -fo ld  d ilu ted  serum
0.25%  v /v  methanol add ition 2.14
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The add ition  o f  organics solvents to  the d ilu ted  serum samples gives a low er re la tive  
signal enhancement than w ith  the standards used in  Chapter 4, even w ith  optim isation. 
Th is  d ifference is undoubtedly due to  m a trix  effects from  the serum sample. The 
m a trix  effects cou ld  in fluence nebulisa tion o r plasma conditions and thereby have a 
detrim enta l e ffect on the Se+ s ig n a l
In  Figures 5.2.1.7. a, b, c. (Show n on the fo llo w in g  page), the long-term  signal 
s ta b ility  is studied fo r d ilu ted  serum samples w ith  the add ition  o f  1%  v/v  methanol 
(2%  p rio r to  1:1 on-line  d ilu tion ).
The use o f  an in terna l standard, e ither 74Ge+ o r 115In+, has a strong positive  in fluence 
on the long-term  s tab ility  o f  the 77Se+ and 82Se+. The add ition  o f  m ethanol to the 
sample fu rthe r im proves the long-term  s tab ility  o f  the Se+ signal (Table 5.2.1.8.). 
W ith o u t the add ition  o f  m ethanol and w ith o u t correction by an in terna l standard, the 
long-term  s tab ility  is considered to  be poor (77Se+ =  13.3% and 82Se+ =  9.0%  R SD ) fo r 
the 10-fo ld  d ilu ted  serum (Table 5.2.1.8.).
Table 5.2.1.8. Instrum enta l long-term  signal s tab ility  (%  R SD ) fo r the analysis o f  10
fo ld  d ilu ted  serum using the V G N  as the m ethod o f  sample in troduction .
N o  M ethano l 
(n  =  18)
1 %  M ethano l A d d itio n  
( n =  12)
77Se+ 82Se+ 77Se+ 82Se+
N on  corrected 13.3 9.0 15.7 11.9
Se+:74Ge+ 14.2 9.9 6.4 3.3
Se+:l l 5In+ 13.5 9.0 6.2 4.2
The qua lity  o f  these results can be put in to  context when one considers that the 
concentration o f  selenium  in  10- fo ld  d ilu ted  in-house reference serum is in  the range 
o f  9 - 10 pg F1 (based on ava ilab le  data from  m u ltip le  analyses o f  the in-house 
reference serum by a va rie ty  o f  in troduction  methods in to  the S O LA  ICP-M S).
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Even at th is  concentration o f  selenium  and w ith  m a trix  problem s, the V G N  s till 
achieves reasonable long-term  signal s ta b ility  w ith  the IC P -M S  (82Se+ w ith  
germ anium  internal standardisation =  3.27 %  and w ith  ind ium  4.18%  RSD over a 220 
m inute  period) as long as m ethanol is present.
The results fo r  the short-term  77Se+ and 82Se+ signal s tab ility  are shown in  Table 
5.2.1.9. and represent the mean (n=T2 or 19) %  RSD o f  the signal w ith in  an analysis.
Table 5.2.1.9. (a) Short-term  signal s ta b ility  expressed as %  re la tive  standard 
devia tion  (%  R SD ) o f  the 77Se+ and 82Se+ signals fo r  various d ilu tio n  factors o f  serum 
and w ith  the add ition  o f  1% methanol. The V G N  was used as the m ethod o f  sample 
in troduction .
10-fo ld  d ilu tio n  (n=19) 20- fo ld  d ilu tio n  (n = 12) 50 -fo ld  d ilu tio n  (n=T2)
77Se+ 82Se+ 77Se+ 82Se+ 77Se+ 82Se+
%  RSD 10.27 10.33 3.70 3.08 4.32 1.74
The add ition  o f  m ethanol to  the 10-fo ld  d ilu ted  serum appears to  destabilise the 
plasma leading to  poor short-term  signal s tab ility  o f  the Se and Se signals. 
H ow ever, at h igher serum d ilu tio n  factors, the short-term  signal s ta b ility  improves. 
B o th  20 and 50-fo ld  d ilu ted  serum have better short-term  s ta b ility  w ith  m ethanol 
add ition  rather than w ith o u t m ethanol add ition  (Table 5.2.1.3.).
The enhanced sens itiv ity  o f  selenium  w ith  the add ition  o f  m ethanol to  the d ilu ted  
serum sample gives a response o f  -5 5 0 0  cts sec.'1 fo r 2 0 -fo ld  d ilu ted  serum. In  
con junction  w ith  a m in im a l b lank signal fro m  1% H N 0 3 and good short and long­
term  signal s tab ility , th is  reasonable signal response encourages the use o f  20-fo ld  
d ilu ted  serum fo r fu rthe r study and va lida tion .
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5.2.2 Analysis o f diluted serum w ith  the USN as the method o f sample 
introduction
The use o f  10-fo ld d ilu ted  serum was found to  have some serious drawbacks when 
nebulised using the USN. The glass chamber in w h ich the fine  aerosol m ist is form ed 
w ith in  the USN was rap id ly  seen to  have bu ild -up  o f  serum deposits w ith  10-fold 
d ilu ted  samples. A lso , the face-plate o f  the p iezo-electric transducer also showed 
v is ib le  serum deposition and resulted in loss o f  signal sensitiv ity  as the e ffic iency  o f  
the USN is reduced. For these reasons and also the fact that the USN can sustain 
fu rthe r d ilu tio n  o f  the serum sample due to  its superior sensitiv ity , resulted in  the use 
o f  20 -fo ld  and 50-fo ld  d ilu ted  serum samples fo r fu rther investigations. Observations
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o f  the Se and “ Se isotope signals fo r the d ilu ted  serum fo llo w  the same trends 
w ith  the USN as they d id  w ith  the VG N . For th is reason, on ly  the 82Se+ signal results 
are portrayed in the fo llo w in g  graphs fo r 20 and 50-fo ld  d ilu ted  serum. Long-term  
signal s tab ility  results fo r 77Se+ and s2Se+ are given in Table 5.2.2.3.
Time (mins.)
82Se ------ 82Se:74Ge 82Se:115In
Figure 5.2.2.1. N orm alised signal response as a function  o f  tim e  fo r  the x2Se+ signal 
when a 20 -fo ld  d ilu ted  serum sample in 1% v /v  H N O 3 was introduced to  the IC P-M S 
v ia  the USN.
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Signal response on x2Se+ from  a 20 -fo ld  d ilu ted  serum (in-house reference serum) was 
in  the region o f  50 - 55,000 cts. sec.'1 compared to  a background signal o f -1 0 0 0  cts. 
sec.'1.
The ins tab ility  o f  m ist generation w ith  the USN occurred fa ir ly  early (tim e  =  60 
m inutes) w ith  the 20 -fo ld  d ilu ted  serum. However, the use o f  in ternal standards, 
especially 74Ge+ large ly overcomes the signal d r ift,  g iv ing  very good long-term  
s tab ility  (F igure 5.2.2.1.).
Time (mins.)
82Se ------ 82Se:74Ge 82Se:1151n
82 4F igure 5.2.2.2. N orm alised signal response as a function  o f  tim e  fo r the "Se signal 
when a 50 -fo ld  d ilu ted  serum sample in  1% v/v  H N 0 3 was introduced to  the ICP-M S 
v ia  the USN.
The signal response o f  X2Se4 from  a 50 -fo ld  d ilu ted  serum (in-house reference serum) 
was in the region o f  18 - 19, 000 cts. sec.'1 when using the USN as the method o f  
sample in troduction  to the ICP. Background signal was -  1000 cts. sec.'1.
Good long-term  s tab ility  was achieved w ith  the USN fo r the analysis o f  selenium in 
d ilu ted  serum up to a tim e  o f  100 m inutes after the firs t analysis. A fte r  th is tim e the 
USN again demonstrates poor s tab ility  due to instrum ental d rift. The use o f  internal 
standards again corrects the signal d r if t  to a certain extent but beyond 200 m inutes 
even 74Ge+ internal standardisation can’ t cope w ith  the varia tion  in signal response. It
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seems lik e ly  that the deterio ra tion  o f  the signal response was due to  the U S N  as no 
serum deposits were v is ib le  th roughout the sample in troduction  apparatus and the 
sam pling cone was clean.
The results above are shown in  Table. 5.2.2.3. as the long-term  signal s tab ility  (%  
R SD ) over the 4 hour period  fo r  20 and 50 -fo ld  d ilu ted  serum.
Table 5.2.2.3. Instrum ental long-term  signal s ta b ility  (%  R SD ) fo r  the analysis o f  20 
and 50 -fo ld  d ilu ted  serum using the U S N  as the m ethod o f  sample in troduction .
20-Fo ld  d ilu ted  serum 50-fo ld  d ilu ted  serum
/7Se 82 Se 77Se 82 Se
N on  corrected 8.5 7.3 9.6 7.9
Se+:74Ge+ 4.2 1.9 5.2 3.0
Se+:115In + 6.5 4.3 5.8 4.7
The use o f  20 -fo ld  rather than 50 -fo ld  d ilu ted  serum generally gives s lig h tly  better 
precis ion fo r  the analysis o f  selenium  over the 4 hour period studied. Th is  can be seen 
more c lea rly  in  Figures 5.2.3.4. (a and b) below .
82Se+:74Ge+ gives the low est %  R SD  fo r  both  isotopes and d ilu tio n  factors fo r  d ilu ted  
serum analysis. Thus, the use o f  74Ge+ again demonstrates its su ita b ility  as an internal 
standard when the selenium  concentration o f  serum is being determ ined.
Figures 5.2.2.4. a and b show the effects o f  m ethanol add ition  (to  the d ilu ted  serum 
sample) on the 82Se+ long-term  s ta b ility  using the U S N  as the m ethod o f  sample 
in troduction  (w ith  and w ith o u t in terna l standardisation by 74Ge+ and 115In +).
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8 7
7 -(- feT
82Se 82Se:74Ge 82Se:115In
□ W ithout methanol □  With methanol
Figure 5.2.2.4. (a) Long-term  signal s tab ility  or repeatab ility  (%  RSD) o f  the x2Se+ 
signal fo r a 20 -fo ld  d ilu ted  serum over a period o f  4 hours. The USN is the m ethod o f  
sample in troduction .
82Se 82Se:74Ge 82Se:115In
□ Without methanol □  With methanol
Figure 5.2.2.4. (b) Long-term  signal s tab ility  or precision (%  RSD) o f  the x"Se+ signal 
fo r a 50-fo ld  d ilu ted  serum over a period o f  4 hours. W ith  the add ition  o f  0.25%  v/v 
methanol and using the USN as the m ethod o f  sample in troduction ..
N o de fin ite  advantage or disadvantage is observed fo r the long-term  signal s tab ility  o f  
x2Se+ when methanol is added to  the d ilu ted  serum, when using the USN as the 
method o f  sample in troduction . The on ly  benefit observed o f  adding m ethanol in  th is 
experim ent was on the sens itiv ity  o f  the selenium isotope signals. A  tw o -fo ld  signal 
enhancement o f  the x2Se+ signal was observed w ith  the add ition  o f  0.25%  v /v  
methanol. Th is agrees closeley w ith  the find ings earlier (F igure 5.2.1.6.) where a 2 .14- 
fo ld  increase was observed in the x2Se+ signal w ith  the add ition o f  0.25%  m ethanol to 
the d ilu ted  serum sample when using the USN.
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The advantages o f  using 74Ge+ as an internal standard are c la rifie d  in  Figures
5.2.2.5.(a and b). 74Ge+ internal standardisation im proves the long-term  signal s tab ility  
to  about 2-3%  w h ich  can be considered to be good. Th is value could be im proved i f  
the signal d r if t  by the USN is avoided.
N ext the short-term  s tab ility  o f  the USN is investigated when analysing selenium in 
d ilu ted  serum.
□ Without methanol B With methanol
Figure 5.2.2.5. (a) Short-term  signal s tab ility  (w ith in  sample run) o f  20-fo ld  d ilu ted  
serum w ithou t and w ith  the add ition  o f  0.25%  v /v  methanol.
The mean %  RSD fo r the 12 scans are:
w ithou t methanol =  3.1 %  RSD , range 1 .2 - 5.2%. 
w ith  methanol =  2.8 %  RSD, range 0.4 - 4.2%.
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Scan no.
□  Without methanol 11 With methanol
Figure 5.2.2.5. (b) Short-term  signal s tab ility  (w ith in  sample run) o f  50 -fo ld  d ilu ted  
serum w ithou t and w ith  the add ition  o f  0.25%  v/v  methanol.
The mean %  RSD fo r the 12 scans are:
w ithou t methanol =  2.1 %  RSD, range 0.6 - 4.5, 
w ith  methanol =  2.6 %  RSD, range 1.6 - 5.6.
N o d is tinc t benefits can be observed fo r using 20 o r 50-fo ld  d ilu ted  serum in terms o f  
im proved short-term  s tab ility  (Figures 5.2.2.5. (a and b)). S im ila rly , no d is tinc t 
advantage o f  adding methanol to the sample can be observed as the short-term  signal 
s tab ility  is better w ith  methanol add ition  to 20- fo ld  d ilu ted  serum but roles are 
reversed w ith  50 -fo ld  d ilu tion .
In summary, the short-term  s tab ility  o f  the signal can be considered to be reasonable 
fo r both 20 and 50-fo ld  d ilu ted  serum. The add ition  o f  methanol has no e ffect on the 
s tab ility  o f  the selenium signal when analysing d ilu ted  serum and using the USN as 
the m ethod o f  sample in troduction  to  the ICP-M S. The Se4 signal response from  20 
and 50-fo ld  d ilu ted  serum is fa r enough above the background signal to a llo w  
quantita tive determ inations (section 5.4).
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5 .3 . A c id  D ig e s t io n  T e c h n iq u e s  f o r  S e le n iu m  C o n c e n t r a t io n  A n a ly s is  
o f  B lo o d  S e r u m  b y  I C P - M S
A c id  d igestion techniques are used to  break-up the sample m a trix  p rio r to  
instrum ental analysis. These techniques make the use o f  the V G N  and U S N  as the 
methods o f  sample in troduc tion  m ore practica l and are essential when u tilis in g  H G - 
ICP-M S.
As discussed prev ious ly  in  section 2.2.1. selenium compounds in  the body are some o f  
the m ost acid-resistant. The trim ethy lse lenon ium  ion, the m ain  m etabo lite  in  urine, is 
no t vo la tile , bu t i t  needs about 20 m inutes in  b o ilin g  H N 0 3/H C 104 1:1 to  convert i t  to 
inorgan ic selenium  [V e rlinden , 1982].
The a lum in ium  b lo ck  digester used fo r  a ll the d igestion techniques in  th is  w o rk  was a 
Tecator digester (Perstop A n a ly tica l, Maidenhead, U K ) w h ich  had 12 holes fo r  sample 
tubes. Temperature was accurately con tro lled  (±  1°C) v ia  a program m able Tecator 
Autostep 1012 thermostsat con tro lle r. The use o f  a re flu x  condenser, o r at least long­
necked vessels is recom m ended by Sager fo r  acid digestions o f  b io lo g ica l m ateria ls 
[1993]. For th is  reason the d igestion tubes used were 20 cm  in  length and had a to ta l 
vo lum e o f  -  60 m l. Once insta lled  in  the b lo ck  digester over h a lf  o f  the tube length 
(13 cm ) protruded above the a lum in ium  heating b lock  and acted as an a ir-cooled 
condenser fo r vo la tile  reaction products.
The acid digestion technique em ployed fo r  the V G N  and U S N  fo r  the analysis o f  
selenium  concentrations in  serum is set out in  F igure 5.3.0.1. T o  quote Sager [1993]
‘After addition of the oxidant (usually nitric acid), it is better not to start with vigorous heating, but to 
wait some time, and to increase the temperature slowly’.
For th is  reason the serum is a llow ed  to  stand in  the 4.0 m l o f  conc. H N 0 3 fo r 12 
hours, o r p referab ly overnight, p r io r to  com plete digestion at elevated temperatures. In
251
addition , the tem perature is raised from  room  temperature to 120°C over a period o f  
20 m inutes in -line  w ith  Sagers’ recommendations. Th is step can reduced i f  there are 
stric t tim e  constraints on the analysis.
Heat to 120°C over 20 mins.
11
Figure 5.3.0.1. S im ple d igestion procedure fo r the analysis o f  selenium  in serum when 
using the V G N  or USN.
A llo w in g  the sample to evaporate to  dryness must be avoided as ‘ charring ’ o f  the 
sample w il l  result in  losses due to  vo la tilisa tion  [Sager, 1993], The fin a l d ilu tio n  to
10.0 m l a llow s enough sample vo lum e fo r a 4-5 m inute analysis, inc lud ing  sample 
uptake tim e and signal stab ilis ing  p rio r to instrum ental analysis. Th is  sample volum e 
also a llow s fo r a second analysis by ICP-M S. The 10-fold d ilu tio n  o f  the serum 
sample takes in to  account a 1:1 on-line  d ilu tio n  w ith  e ither the internal standard or 
in ternal standard + organic solvent addition. W ith  the on-line  d ilu tio n  the tota l 
d ilu tio n  is now  20- fo ld  and the selenium  concentration in  the sample is in the range o f  
about 5 pg F1 (±  2 pg I '1). A t  th is selenium  level in  the sample problem s arise as the
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concentration is approaching the detection lim its  o f  the V G N  and to  a lessor degree 
the USN.
The procedure fo r m aking the sample vo lum e up to  10.0 m l from  the digest was to  add 
2 m l 1% v /v  H N 0 3 to  the sample in  the bottom  o f  the glass d igestion  tube. Th is should 
be a llow ed to  stand fo r  2 m inutes i f  the digestion b lock  and sample tube were s till 
warm . I f  the b lo ck  and sample had cooled to  room  temperature then 5 m inutes were 
a llowed. The sample was em ptied in to  a 10.0 m l p lastic m easuring container. N ext, 
another 3 m l o f  1% H N 0 3 was added to  the digestion tube. Th is was then em ptied in to  
the vo lum e tric  conta iner w ith  the sample. Th is  process was repeated and the fin a l 
sample vo lum e made up to  10.0 m l. Th is  washing procedure ensured that a ll the 
sample digest was rem oved fro m  the sam pling tube and in to  the f in a l sample vo lum e 
fo r  analysis.
The advantages o f  th is acid d igestion m ethod are its s im p lic ity , and that the tim e  
required could be reduced to  a m atter o f  m inutes by using o f  a m icrow ave digestion 
system. The m a jor drawback is that carefu l a ttention m ust be g iven to the sample so 
as to  avo id evaporation to dryness, where the greatest loss o f  vo la tile  products takes 
place. A n  analyte recovery study was undertaken to  assess the su ita b ility  o f  th is  acid 
d igestion technique. Selenium  recovery using th is  acid d igestion procedure (F igure
5.3.0.1) in  con junction  w ith  the V G N  and USN. was evaluated in  the fo llo w in g  
manner. 1.00 m l o f  a 100 pg F1 selenium  standard was used in  the acid digestion 
technique (Figure 5.3.0.1.) instead o f  the serum sample. Th is  gave a fin a l sample 
concentration o f  10 pg  T1 selenium  (w h ich  was fu rthe r d ilu ted  by the on-line  1:1 
d ilu tio n  to  5pg I"1). A s selenium  standards were used to  calibrate the IC P -M S  a ll 
results are shown as recovery o f  the 10 pg  F1 selenium  added. Three such samples 
were prepared and analysed fo r  selenium  on tw o  separate occasions. The results o f  the 
recovery study are portrayed in  the F igure 5.3.0.2..
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1 2
_______ Sample no
3
□  1 st analysis □  2nd analysis
Figure 5.3.0.2. Selenium  concentration determ ined in three samples on tw o  separate 
occasions so as to assess recovery o f  selenium when using the acid digestion 
technique detailed in Figure 5.3.0.1. The V G N  was used as the method o f  sample 
in troduction .
Exce llen t recovery o f  the 10 pg F1 selenium  was observed fo r a ll three standards on 
both occasions. Recoveries were:
Sample no. %  Recovery
1 97.2 %
2 96.8%
3 103.5%
This  demonstrates that no selenium was lost and that no s ign ifican t systematic errors 
were observed (P < 0.001) during  the d igestion technique deta iled in  Figure 5.3.0.1. 
and w hich was used w ith  the V G N  and USN methods o f  sample in troduction .
5.3.1. The analysis o f digested serum using the VGN as the method of 
sample introduction
A  large (200 m l) pooled digested serum sample was prepared by com bin ing  the 10.0 
m l digests from  20 X  1.00 m l in-house reference serum samples. The single pooled 
digest was analysed every tw en ty  m inutes fo r a period o f  280 m inutes w ithou t
m ethanol add ition  and 220 m inutes w ith  m ethanol addition. The results are shown in  
Figures 5.3.1.1. and 5.3.1.2. as norm alised response (signal o r ra tioed to  interna l 
standard signal at Tx +  signal at T 0).
The digested seriun sample was spiked w ith  a germ anium  standard in  1% v /v  H N 0 3 to  
give a fin a l concentration o f  20 pg  F1 germ anium , w h ich  served as one o f  the in ternal 
standards. The other in terna l standard, ind ium , was added on-line. The ind ium  
in terna l standard was in  e ither 1% v/v  H N 0 3 or, 2.5%  v /v  m ethanol in  1% v /v  H N 0 3, 
depending on the experim ent undertaken and had a concentration o f  40 pg F1 in  the 
standard (20 pg F1 a fter 1:1 on-line  d ilu tion ).
The results are shown in  Table 5.3.1.3. as %  RSD o f  the signal over the given tim e  
period.
5.3.1.3. Instrum enta l long-term  signal s tab ility  (%  R SD ) fo r the analysis o f  digested 
serum using the V G N  as the m ethod o f  sample in troduction . T o ta l tim e  =  280 m inutes 
fo r  no m ethanol add ition  and 220 m inutes w ith  1%  v /v  m ethanol addition.
n =14 N o M etSianoI 2 .5%  M e th a n o l A d d it io n
77Se+ 82Se+ 77Se+ 82Se+
N on  corrected 11.5 10.6 2.9 2.8
Se774Ge+ 7.4 8.1 2.5 2.6
Se+/ 115In + 10.9 12.7 2.3 2.7
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-77Se
T im e  ( m in s . )
77Se:74Ge 77Se:l 15In -82Se
T i m e  ( m in s . )
82Se:74Ge 82Se:115In
Figure 5.3.1.1. Long-term  signal s tab ility  o f  77Se and s2Sef o f  an acid-digested serum 
sample, w ithou t the add ition o f  methanol. The V G N  is used as the m ethod o f  sample 
in troduction
-77Se
T im e  ( m in s . )
77Se:74Ge 77Se:l 15In -82Se
T i m e  ( m in s . )
82Se:74Ge 82Se:l 15In
Figure 5.3.1.2. Long-term  signal s tab ility  o f  77Se1 and azSe^ o f  an acid-digested serum 
sample, w ith  the add ition  o f  1 %  (v /v ) methanol. The V G N  is used as the method o f  sample 
in troduction .
82o +
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The im proved long-term  signal s tab ility  w ith  m ethanol add ition  to  the sample is 
c lea rly  v is ib le  in  both  the graphs and table. The uncorrected 82Se+ signal fo r example 
has been im proved fro m  an R SD o f  10.6% to  ju s t 2.8%  , w h ils t the corrected signals 
using 74Ge+ and 115In+ have % RSD o f  2.6 and 2.7%  respectively fo r  the 220 m inutes 
o f  sam pling tim e. Th is  approxim ates to  the m anufacturers specifications o f  better than 
3%  RSD (w ith  in terna l standardisation) o f  a 1000 pg I' 1 standard con ta in ing  elements 
from  lith iu m  to uranium  [F inn igan, 1993].
D u rin g  the w et acid, H N 0 3, d igestion o f  b lood  serum the proteins w ith in  the sample 
are broken up (carbon to  C 0 2 and any am ine groups to  N O ,). Th is  e ffec tive ly  removes 
the organic com ponent o f  the serum sample and possible interferents. The benefits o f  
carbon rem oval from  the sample m a tr ix  are that the add ition  o f  m ethanol to  the 
sample once again leads to  the advantages o f  selenium  signal enhancement and 
s tab ility , seen w ith  the standard samples used in  Chapter 4. A  re la tive  signal 
enhancement o f  3.94 was observed fo r  the 77Se+ signal when the 2.5%  m ethanol was 
added to  the digested serum sample com pared to  the 77Se+ signal w ith  no organic 
solvent addition. The 82Se+ signal fo llo w e d  a s im ila r trend g iv in g  a signal 
enhancement o f  4.12. Th is  compares to  the find ings in  Chapter 4 (section 4.2.) where 
a selenium  standard so lu tion  was used and the re la tive  signal enhancements o f  77Se+ 
and 82Se+ were 3.47 and 4.28 respectively. I t  has previously been expla ined that the 
d iffe rence in  re la tive  signal enhancements between the tw o isotopes was due to  the 
suppression o f  40A r37C l+ w h ich  low ered the overa ll re la tive  signal enhancement o f  m /z 
77. In  the standard used fo r  tha t experim ent the [CF] was lOOOpg m l-1 whereas in  the 
digested serum sample the [CF] is expected to  be fa r low e r -  175 pg I"1. A s the [C f ]  is 
lo w e r in  the digested serum sample the interference on m /z 77 w ith o u t methanol 
add ition  is less than that observed w ith  the standard so lu tion  sample. The result o f  th is  
is a h igher re la tive  signal enhancement w ith  m ethanol add ition  o f  77Se+ w ith  the 
digested serum sample than that w ith  the standard sample.
77 + 82 +
Table 5.3.1.4. shows the short-term  signal s tab ility  o f  Se and Se observed when 
analysing a digested pooled in-house serum fo r selenium.
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77 j- 82 4
F igure 5.3.1.4. Short-term  (w ith in -sam p le ) signal s tab ility  o f  the Se and Se 
signals when analysing a digested serum sample. The V G N  was used w ith o u t and w ith  
the add ition  o f  2.5%  v /v  methanol.
n =  12
No m e thano l a d d itio n 2 .5%  v /v  metSianoi a d d itio n
77Se+ 82Se+ 77Se+ 82Se+
mean %  RSD 7.1 3.4 4.6 2.5
m in . %  RSD 1.1 0.3 1.4 0.5
max. %  RSD 13.4 9.8 9.2 4.5
A ga in , the add ition  o f  m ethanol to  the digested serum sample im proves signal 
s tab ility , th is tim e  in  the short-term . M ean %  RSD have been im proved  fo r  both  the 
77Se+ (fro m  7.1%  to 4.6% ) and 82Se+ (fro m  3.4%  to  2.5% ) isotope short-tenn signals 
w ith  the add ition  o f  methanol.
5.3.2. T he  ana lys is  o f  d igested serum  us ing  the  USN as th e  m ethod o f 
sam ple in tro d u c tio n
A  200 m l pooled digested serum (in-house m ateria l) sample was prepared in  the same 
m anner as that used fo r  the V G N  (section 5.3.1.). Aga in , the in terna l standards were 
40 pg F1 ind ium  and germ anium , g iv in g  a fin a l concentration o f  20 pg I '1 a fter 1:1 on­
line  d ilu tion . The results reported here are the best o f  a set o f  three iden tica l studies 
(Figures 5.3.2.1 a and b). The other tw o  studies suffered fro m  long-term  signal d r if t  
due to  varia tions in the perform ance o f  the USN.
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82Se ------ 82Se:74Ge  82Se:115In
Figure 5.3.2.1. (a) Long-term  s2Se‘ signal s tab ility  o f  a (20 -fo ld  d ilu ted ) pooled 
digested serum sample (in-house serum) using the USN as the method o f  sample 
in troduction  w ithou t methanol addition.
1.6 i f i i
<DC/5
0 50 100 150 200 250
Time (mins.)
82Se ------ 82Se:74Ge —  82Se:115In
Figure 5.3.2.1. (b) Long-term  82Se+ signal s tab ility  as a func tion  o f  tim e when 
analysing a (20-fo ld  d ilu ted ) pooled digested serum sample (in-house reference 
serum) using the USN as the m ethod o f  sample in troduction  w ith  0.25%  v/v methanol 
addition.
The long-term  s tab ility  o f  the U S N  when used to  analyse digested serum can be 
considered to  be very good fo r th is  set o f  results, w ith  a ll o f  the %  R SD being be low  
3%. However, the long-term  signal response w ith  methanol demonstrated s im ila r 
problem s to  those observed w ith  no m ethanol addition. O f  a to ta l o f  fou r separate 
studies o f  the long-term  s ta b ility  on ly  tw o  showed reasonable results. O f  these tw o, 
the better set o f  results is presented above. The d ifference in  the long-term  re lia b ility  
o f  the U S N  in  terms o f  the 77Se+ and 82Se+ signal are presented, show ing the best and 
weakest cases o f  a num ber o f  in d iv id u a l long-tenn  studies (Table 5.3.2.2.).
Table 5.3.2.2. The best and weakest cases o f  long-tenn s tab ility  (%  R SD ) experienced 
when using the U S N  to  analyse fo r  selenium  in  digested serum (w ith /w ith o u t 
m ethanol addition).
N o m e thano l a d d itio n  
(n=3 )
0 .25%  m ethano l a d d itio n  
(n=4 )
77Se+ 82Se+ 77Se+ 82Se+
Best case Se+ 3.1 1.7 2.6 2.8
W orst case Se+ 21.1 18.3 22.1 21.5
Best case Se+:74Ge+ 1.8 1.2 3.5 1.7
W orst case Se+:74Ge+ 12.9 10.0 13.3 15.2
Best case Se+:lB In+ 3.2 2.2 3.6 1.7
W orst case Se+:l l 5In+ 14.0 14.3 15.4 10.9
The va ria tion  in  long-tenn  s ta b ility  between days is clear and should be o f  concern to  
the analyst. The use o f  gennanium  o r in d iu m  in terna l standardisation has some benefit 
bu t fa ils  to  e ffec tive ly  correct fo r  the instrum enta l d r if t  associated w ith  use o f  the 
USN. The poor long-tenn s ta b ility  w ith  some runs and exce llen t long-term  s tab ility  
observed w ith  others reflects the find ings experienced w ith  standard solutions in  
Chapter 4 (Figures 4.3.7. a and b). A lthough  the long-term  s ta b ility  o f  the signal (82Se+ 
and 82Se+:internal standard) are extrem ely good fo r th is  set o f  results the overa ll
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re lia b ility  o f  the long-term  s tab ility  w ith  other runs is poor and brings in to  question 
the su ita b ility  o f  the USN.
The add ition  o f  m ethanol to  the pooled digested serum sample appears to  have no 
obvious affect on signal s tab ility , un like  that seen w ith  the V G N .
5.3.3. T he  ana lys is o f  d igested serum  us ing  h y d r id e  gene ra tio n  as the  
m ethod o f  sam ple in tro d u c tio n
As selenate is not detected by m any determ ination  methods, the selenate w h ich  may 
have been form ed by excess o f  oxidants, has to  be reduced to  selenite again [Sager, 
1993]. Th is  is true fo r  the use o f  the H G  system when analysing samples fo r the ir 
selenium  content. Therefore, i t  is essential to  digest the sample m a tr ix  fo r  hydride 
generation and ensure that a ll o f  the selenium  is in  its SeIV state at the end o f  the 
digestion procedure.
T w o  im portan t characteristics o f  the acid digestion m ethod and H G  system m ust be 
assessed before they can be used fo r  rou tine  analysis. These tw o  characteristics are the 
im portance o f  trans ition  m etal in terference on the H G  system and analyte recovery 
fro m  the d igestion procedure.
The influence o f transition metal interference on the hydride generation system 
A lthough  the use o f  hydride generation can a llev ia te  m any o f  the spectroscopic 
interferences observed w ith  IC P-M S, the presence o f  elements other than those o f  
interest in  the sample m a tr ix  m ay in terfe re  w ith  quantita tive hydride  form ation. O f  
these other elements the trans ition  metals copper and iron  have been shown to have 
the greatest in fluence on the hydride fo rm in g  process [V ija n , 1980; Agterdenbos, 
1986], I t  is considered that these metals enhance the decom position o f  the sodium 
tetrahydroborate w h ich  is used fo r the fo rm a tion  o f  hydrogen selenide. In  add ition , the 
concentrations o f  copper and iro n  are the highest o f  the trans ition  metals in  serum 
(copper =  1.09 m g I'1 range 0.87-1.87 and iro n  1.19 m g f 1 range 0.97-1.64) [Iyengar,
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1978], For th is reason a study o f  the ind iv idua l and synergistic effects o f  C u11, Fe11 and 
Fe111 (Fe111 is the ox ida tion  state o f  iron no rm a lly  produced by chem ical d igestion) was 
conducted to evaluate any interferences o f  the form ation  o f  hydrogen selenide. Fe'1 is 
included as it  is know n to cause prem ature reduction o f  selenium to its elemental 
fo rm , w h ich  w il l  not then fo rm  the hydride.
A  series o f  selenium standards were prepared in 5% v /v  HCI a ll w ith  a concentration 
o f  1.0 pg I 1 selenium. To th is series o f  standards a spike o f  e ither C u11, Fe" and Fe111 or 
a ll three were added to  give concentrations 0.5, 1 ,5 , 10, 25, 50 and 100 pg I 1. The 
h igher concentrations are fa r above the concentrations expected in  serum samples 
a fter d ilu tio n  (50 -fo ld  d ilu tio n  is norm al fo r HG). A ll o f  the samples were then 
analysed fo r selenium and the results are shown in Figure 5.3 3.1.
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Figure 5.3.3.1. Relative selenium  concentration (observed concentration o f  selenium 
compared to selenium concentration in sample w ith  no transition  metals added) as a 
function  o f  the add ition  o f  transition  metals to the sample; analysis by HG -ICP-M S.
There appears to be no s ign ifican t in terference from  any o f  the transition  metals even 
when com bined at the highest concentration o f  100 pg F 1. The s ligh t va ria b ility  in 
results is undoubtedly due to  varia tions in instrum ent s tab ility  and not related to  the 
add ition  o f  transition  metals. For the purposes o f  routine serum analysis where 1 m l o f  
serum is digested and d ilu ted  to 50.0 m l the expected concentrations o f  copper and 
iron w il l  be in the concentration range o f -20 pg f 1 so pose no threat as interferences.
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N itr ic  acid and its derivatives (NCR , N O v) are serious inh ib ito rs  o f  H 2Se evolution . In 
the presence o f  copper the in h ib itio n  e ffect o f  H N 0 3 and its derivatives is further 
strengthened [E k, 1996], For th is  reason the experim ent was repeated but the 
standards were made up in  5%  HC I and 1% H N 0 3.
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Figure 5.3.3.2. Relative selenium  concentration (concentration o f  selenium compared 
to selenium concentration in  sample w ith  no transition  metals added) as a function  o f  
the add ition o f  transition  metals to  the sample in  the presence o f  1% v /v  H N 0 3; 
analysis perform ed by HG -ICP-M S.
A gain , the results showed no s ign ifican t interference effects from  the H N 0 3 and 
transition  metals w ith in  the range o f  concentrations studied. The app lica tion  o f  th is 
H G -IC P-M S system to the analysis o f  selenium appears to  be suitable fo r serum 
samples at th is level o f  d ilu tion . Th is  conclusion is based on the lack o f  interferences 
from  the n itr ic  acid o r transition  metals w ith in  the m atrix.
For accurate determ inations o f  selenium in b lood serum the selenium must be 
com ple te ly  reduced to  the Selv state, as SeVi produces neg lig ib le  amounts o f  the 
hydride. For th is purpose the acid d igestion technique developed by W elz et al.
[1984a] and m od ified  by Rayman et al. [1996] was adapted fo r th is w o rk  (Figure
5.3.3.3.).
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To 1.00 ml serum sample add 2.0 ml HNO3 
in long digestion tubes
Heat to 140°Cover 15 mins. and hold at 140°C for 15 mins.
Allow to cool to room temperature
Heat to 200°C over 10 mins. and hold at 200°C for 15 mins.
Add 10 0 ml 5.6 mol dm'3 HCI
Heat to 90°C over 10 mins. and hold at 90°C for 20 mins.
Allow to cool to room temperature and make up to 50.0 ml 
for analysis by HG-ICP-MS
Figure 5.3.3.3.. D igestion procedure fo r b lood  serum used fo r the analysis o f  selenium
by HG -IC P-M S. Procedure based on method by W elz [1984a] and Rayman et al.
[1996].
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D eta ils  o f  the reagents used fo r  th is  d igestion procedure appear in  section 3.5.3., as do 
the details o f  the reagents used in  the hydride generator.
The su ita b ility  o f  th is acid-d igestion technique was assessed using a recovery test.
Recovery o f selenium from  the acid digestion technique used fo r  hydride generation 
Recovery o f  the acid d igestion procedure deta iled  in  F igure 5.3.3.3. and used w ith  the 
H G  system was evaluated in  the fo llo w in g  manner:
( i)  1.00 m l o f  a 100 pg  F 1 selenium  standard was used in  the acid  digestion 
technique (F igure 5.3.3.3.) instead o f  the serum sample. Four such samples 
were prepared and analysed fo r selenium  concentration on tw o  separate 
occasions;
( i i )  1.00 m l o f  a 100 pg m l' 1 selenium  standard was added to  1.00 m l o f  the in - 
house pooled serum sample and the acid  d igestion technique carried out. Th is  
was done fo r fo u r separate samples on tw o  occasions. Recovery levels were 
calculated by subtraction o f  the experim enta lly  determ ined selenium  
concentration in  the serum fro m  that o f  the sample +  standard. The 
concentration o f  the serum was determ ined at the same tim e  as the spiked 
samples were digested and analysed.
The recoveries achieved using the 82Se+ isotope by  m ethod ( i)  (selenium  standard 
on ly ) gave a mean value o f  94.4%  , w ith  a range o f  88.6 to 102.3%.
M ethod ( i i) ,  serum + spike, gave recoveries o f  93.8% mean value, w ith  a range o f
87.1 to  99.9%.
These recoveries can be considered to  be satisfactory w ith  the possible im p lica tio n  o f  
a s ligh t loss o f  selenium  during  the d igestion method. These results are close to  those 
o f  Rayman et al. w ho used an a lm ost iden tica l technique [1996]. T h e ir com parative 
results (mean recoveries) fo r  m ethod ( i)  were 94.8%  (n=2) and fo r  m ethod ( i i)  101.3% 
(n=2). I t  appears that the recoveries w ith  m ethod ( i i )  may be s lig h tly  low e r than those
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observed by Raym an el a l suggesting possible loss o f  selenium  fro m  the sample. 
How ever, Raym an et al. o n ly  had tw o  samples per recovery test and so a larger set o f  
data is required to  co n firm  this.
5 .4 . M e th o d  V a l id a t io n  u s in g  S e ro n o rm ™  T r a c e  E le m e n ts  in  S e r u m
The Seronorm ™  reference m ateria l is p rovided in  a sealed glass bo ttle  in  a freeze- 
dried  state. T o  the bo ttle  3.00 m l o f  deionised water is added and the contents gently 
sw irled. Th is is then le ft o f  30 m inutes to  ensure reconstitu tion  o f  the serum sample. 
As on ly  3.00 m l o f  reconstituted serum are availab le  so on ly  2 x  1.00 m l and 1 x  0.80 
m l are conven iently  used w ith o u t in troduc ing  sam pling errors.
The various methods o f  sample in troduction , and the ir m od ifica tions  were assessed 
fo r  accuracy and precis ion using Seronorm™ Trace E lem ents in  Serum (Batch no. 
311089). The recommended concentration g iven fo r selenium  is 86 pg I '1 and is based 
on the arithm etic  mean o f  a ll the values g iven by co llabora tive  laboratories (Table
5.4.1.). The o n ly  exception to  the use o f  Seronorm ™  fo r va lida tion  o f  methods was 
the use o f  the in-house serum fo r  assessing precis ion (repeatab ility ) o f  the H G -IC P- 
M S  technique (section 5.4.3.).
Table 5.4.1. Recommended selenium  values fo r  Seronorm ™  Trace Elem ents in  
Serum given by m anufacturer’ s co llabora tive  laboratories. The arithm etic  mean o f  
these values gave the recom m ended concentration o f  selenium  expressed as pg f 1 in  
the reconstituted sample.
A n a ly tica l Values 
( f ig  I '1)
Range o f  values 
(Pg I"1)
M ethod  used
80 7 9 - 8 1 a G CM S
86 8 3 - 8 7 b E T A -A A S
86 c Transferred value fro m  Seronorm Trace 
E lem ents batch 010017 [Broughton, 1995]
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a =  A g ricu ltu ra l Research Service, B e ltsv ille  Hum an N u tr it io n  Research Centre, 
M ary land , U SA.
b a n d c =  N a tiona l Institu te  o f  O ccupational Health, Oslo, N orw ay.
Results o f  the analysis o f  th is reference m ateria l w i l l  be g iven fo r as many o f  the 
isotopes as suitable fo r the m ethod o f  sample in troduction . The num ber o f  sample 
replicates was no rm a lly  three, w ith  analysis on tw o  o r three separate occasions, unless 
otherw ise stated.
5.4.1. A n a lys is  o f  S e ro n o rm ™  T ra ce  E lem ents in  Serum  us ing  the  V G N  as 
the  m ethod o f  sam ple in tro d u c tio n  to  the  IC P -M S
A l l  analyses using the V G N  or U SN  are based on a six po in t ca lib ra tion  curve 
con ta in ing  the selenium  concentrations 0, 1, 2, 5, 10 and 20 pg I '1, each w ith  an 
in terna l standard o f  25 pg  f 1 germ anium . The standards used fo r d ilu ted  serum 
analysis were m atrix-m atched using the in-house serum m ateria l. A na lys is  o f  digested 
Seronorm ™  samples used selenium  standard solutions on ly  fo r  the purpose o f  
instrum ent ca libration.
Analysis o f diluted Seronorm using the VGN
As a resu lt o f  the restrictions o f  detection lim its  and recommendations contained in  
previous w o rk  by the author (F igure 5.2.1.) d ilu tio n  factors o f  10 and 20 -fo ld  were 
used fo r  the analysis o f  d ilu ted  serum w ith  the VG N . T o  account fo r  the on-line  1:1 
d ilu tio n  serum samples were prepared at 5 and 10-fo ld  d ilu tio n  ( in  1% v /v  H N 0 3) to 
g ive fin a l analysed sample d ilu tions  o f  10 and 20-fo ld  respectively.
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Table  5.4.1.1. To ta l selenium  concentration (p g  I"1) based on 3 d ilu ted  replicates on 
tw o  occasions o f  Seronorm Trace elements in  serum, reference value 86 pg  T1. n =  6. 
The V G N  was the m ethod o f  sample in troduction  and the reference m ateria l was 
d ilu ted  in  0.14 M  H N 0 3. 74Ge+ was used as an in terna l standard except in  the 76Se+ 
results where 115In + was used as the in te rna l standard.
10-Fo ld  d ilu te d  serum  (n  =  6) 76Se+ 77Se+ 78Se+ 82Se+
W ith o u t m ethanol add ition 182 118 92 78
Range o f  concentrations 135 -2 3 8 9 2 - 1 3 6 84 - 106 6 9 - 8 8
W ith  1.5% m ethanol add ition 168 114 97 79
Range o f  concentrations 105 - 197 103 - 128 7 8 - 1 1 8 7 1 - 8 9
20 -F o ld  d ilu te d  serum  (n  =  6)
W ith o u t m ethanol add ition 170 97 108 106
Range o f  concentrations 1 3 2 - 1 9 9 64 - 128 72 - 146 7 8 - 1 5 2
W ith  1.5% m ethanol add ition 164 81 88 90
Range o f  concentrations 1 0 0 - 1 9 5 5 9 - 1 1 2 75 - 108 6 4 - 1 1 2
The d ilu ted  Seronorm results were d isappointing. The results were generally 
inaccurate and im precise fo r  a ll o f  the isotopes measured. Some o f  the results were 
close to  the recom mended value bu t the lack o f  good precis ion fo r  the technique 
makes i t  unsuitable fo r  routine  analysis.
76Se+ results were p a rticu la rly  poor, as expected, due to  the interference from  
40A r36A r+ w h ich  was lit t le  affected by  the add ition  o f  organic solvent. M ost o f  the 
results fo r  selenium  concentration are tw ice  the reference value fo r selenium  and 
precis ion  is at best ±  24 pg I"1 (2 0 -fo ld  d ilu tio n , w ith o u t m ethanol addition).
77Se+ results were closer to  the recom m ended value than those observed w ith  76Se+. 
How ever, they were s t il l no t accurate and demonstrated very poor precision. The best 
resu lt o f  81 ± 18 pg f 1 was obta ined fro m  a 20 -fo ld  d ilu ted  serum sample w ith  1.5% 
m ethanol add ition
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The results obtained fo r  20 -fo ld  d ilu tio n  were m ore im precise than the 10-fo ld  d ilu ted  
serum samples. The 2 0 -fo ld  d ilu ted  samples had selenium  concentrations close to  that 
o f  the detection l im it  o f  th is  m ethod o f  sample in troduction . Th is  coupled w ith  the 
large d ilu tio n  facto r meant s ligh t varia tions in  results were greatly exaggerated w ith  
f in a l calculations o f  concentrations.
Analysis o f acid-digested Seronorm using the VGN
A l l  samples and reagent b lanks were prepared by  the digestion m ethod as portrayed in  
Table 5.3.0.1. In terna l standardisation used 74Ge+ fo r  calcu la tions o f  concentration 
and 115In+ to  m on ito r instrum ent performance. 100 p i o f  a 5 pg m l"1 germ anium  
standard in  1% H N 0 3 was added to  the serum and n itr ic  acid  p r io r to  acid digestion. 
Ind ium  was added on-line  p r io r  to  nebulisa tion o f  the sample. The ind ium  and 
germ anium  concentrations were each 50 pg I '1 p r io r to  the on-line  d ilu tio n , g iv in g  a 
nebulised concentration o f  25 pg I '1. To  avo id  confusion the 1:1 on-line  d ilu tio n  was 
ignored and a ll ca lib ra tion  and in te rna l standard concentrations were kept at th e ir pre­
d ilu tio n  concentrations. In  th is  manner the results obtained fro m  the com puter 
software were actual concentrations and d id n ’t  require adjustm ent due to the on-line  
d ilu tio n  The use o f  74Ge+ as an in te rna l standard precluded the analysis o f  selenium  
using the 76Se+ isotopes due to  the isobaric overlap o f  76Ge+. H owever, the results are 
g iven fo r the 76Se+ isotope based on a m athem atical correction, subtracting the 76Ge+ 
con tribu tion  fro m  the 76Se+ signal at m /z 76. In  Table 5.4.1.3. the concentration o f  
selenium  is given using l i 5In + as an in terna l standard and w ith o u t the presence o f  
germ anium  in  the sample. The m achine was optim ised fo r  82Se+ using the find ings in  
previous w o rk  w ith in  th is  thesis.
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Table 5.4.1.2. T o ta l selenium  concentration based on acid-digested replicates o f  
Seronorm ™  Trace Elem ents in  Serum, reference value 86 pg I '1, n =  6, based on tw o  
samples analysed on three separate occasions. The V G N  was the m ethod o f  sample 
in troduction .
n =6 76Se+ 77Se+ 78Se+ 82§e+
Observed mean 
concentration (p g  1- 1)
187 102 116 68
Range 1 6 7 - 2 3 2 96 - 109 1 0 2 - 1 2 5 6 3 - 7 8
W ith o u t m ethod m o d ifica tio n  i t  has been demonstrated that the V G N  is unsuitable as 
a m ethod o f  sample in troduc tion  fo r  selenium  analysis in  serum by ICP-M S. Factors 
such as the d ilu ted  serum being close to  the detection l im it  o f  th is  m ethod and w e ll 
documented interferences have negated the use o f  even the 82Se isotope fo r accurate 
selenium analysis.
Table 5.4.1.3. To ta l selenium  concentration based on 2 acid-digested replicates o f  
Seronorm Trace E lem ents in  Serum, reference value 86 pg I '1, n =  2. The V G N  was 
the m ethod o f  sample in troduction . Selenium  concentrations were calculated using 
115In+ as an in terna l standard.
n=2 76Se+ 77Se+ 78Se+ 82Se+
Observed mean concentration (p g  I"1) 198 99 118 75
Aga in , the trends o f  in terfered isotopes g iv ing  higher concentrations than 
recommended can be observed Table 5.4.1.3. Exam ples o f  th is  are:
( i)  the result using the 76Se+ isotope signal demonstrates a h igher positive  bias 
when using 115In+ as an in terna l standard than w ith  germ anium , despite the 
problem s o f  inco rpora ting  m athem atical correction  o f  76Ge+ on 76Se+ at m /z 
76;
( i i )  the 77Se results g ive a positive  bias th roughout and is undoubtedly due to 
40A r37C l+ interference.
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The 82Se+ signal gave a s lig h tly  better result. However, be ing based on on ly  tw o  
results a fa ir  com parison between the accuracy achievable w ith  germ anium  o r ind ium  
in te rna l standardisation fo r  selenium  concentration determ inations using the 82Se+ 
isotope cannot be made.
N ext, the results fo r  the V G N  w ith  organic solvent add ition w i l l  be review ed when the 
serum sample has been acid-digested.
Table 5.4.1.4. T o ta l selenium  concentration (p g  I '1) based on 6 ( tw o  samples analysed 
on three separate occasions) acid-digested replicates o f  Seronorm Trace elements in  
Serum, reference value 86 p I"1. The m ethod o f  sample in troduc tion  was the V G N , 
m o d ifie d  w ith  organic solvent add ition  (2 .5%  m ethanol o r 2%  ethanol).
11=6 76Se+ 77Se+ 78Se+ 82§e+
2.5%  M ethano l 
add ition
Observed concentration 
(g g  k 1)
139 87 91 83
Range 1 2 9 - 1 5 6 8 1 - 9 2 83 - 104 7 8 - 8 8
2%  Ethanol add ition
Observed concentration 
(n g  i" ‘ )
146.8 79 105 93
Range 1 2 7 - 1 8 2 7 2 - 8 4 94 - 124 86 - 102
The results fo r  Se and Se w ith  the add ition  o f  2.5%  m ethanol show excellent
77 4* 1 82 4  1 *accuracy and precis ion; Se =  87 ±  4 pg 1' and Se =  83 ±  3 pg T . The respective 
results w ith  the add ition  o f  2%  ethanol are s t il l good but lack both  the accuracy and 
precis ion o f  the results obtained w ith  m ethanol addition.
The results obtained fro m  76Se+ fo r  both  methanol and ethanol add ition  are 
pa rticu la rly  poor bu t are better than those observed w ith  no organic addition. Th is
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demonstrates the partia l success o f  organic solvent add ition  in  suppressing the A r2+ 
spectroscopic interference on 76Se+.
The results using the 78Se+ isotope are also better w ith  m ethanol add ition  and show 
fa ir ly  good accuracy bu t on ly  fa ir  precis ion (91 ±  7 pg f 1). A l l  o f  the results u tilis in g  
the 78Se isotope s t il l show a pos itive  bias. Th is  is probably due to  an in fluence from  
40A r83A r+ despite the optim ised conditions and add ition  o f  organic.
The use o f  the V G N  w ith  2.5%  m ethanol add ition  has demonstrated the greatest 
a b ility  to  g ive the m ost accurate and precise results fo r  selenium  determ inations in 
digested b lood serum.
5.4.2. A n a lys is  o f  S e ro n o rm ™  T ra c e  E lem ents in  Serum  us ing  the  U SN  as 
the  m ethod o f  sam ple in tro d u c tio n  to  the IC P -M S
H aving  already established that the U S N  was unre liab le  in  terms o f  day to  day long­
term  s tab ility  i t  was decided to  analyse tw o  samples o f  Seronorm ™  on six separate 
occasions.
Analysis o f diluted Seronorm using the USN
T w o  pooled samples o f  20 and 50 -fo ld  d ilu ted  serum (Serononn™  d ilu ted  in  1% v /v  
H N 0 3) were analysed on s ix  separate occasions. The IC P-M S had been calibrated 
using m atrix-m atched ca lib ra tion  standards as described previously (section 5.4.1.)
The U S N  has fo llo w e d  s im ila r trends to  those observed when the d ilu ted  serum was 
analysed using the V G N  as the m ethod o f  sample in troduction  in to  the ICP.
The results using the U S N  to determ ine selenium  concentrations in  d ilu ted  Seronorm 
samples were d isappo inting due m a in ly  to  poor precision. Some fa ir ly  accurate results 
were achieved. Some o f  the factors that led to  poor repeatab ility  include:
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( i)  poor signal s ta b ility  caused by  fluc tua tions in  the e ffic iency  o f  nebulisation by 
the U SN , as already discussed;
( i i )  plasma ins tab ilities  caused by the load ing o f  d ilu ted  serum and water 
vapour;
( i i i )  the d ilu tio n  fac to r (especia lly fo r 50 -fo ld  d ilu ted  serum) exacerbates sm all 
errors in  the sample analysis.
F igure 5.4.2.1. T o ta l selenium  concentration (p g  F1) based on 2 d ilu ted  replicates on 
s ix  occasions o f  Seronorm ™  trace elements in  serum, reference value 86 pg  F l . The 
U S N  was the m ethod o f  sample in troduc tion  and the reference m ateria l was d ilu ted  in  
0.14 M  H N 0 3. 74Ge+ was used as an in terna l standard except in  the 76Se+ results where 
115In + was used as the in terna l standard.
20 -F o ld  d ilu te d  serum  (u  =  12) 76Se+ 77Se+ 78Se+ 82Se+
W ith o u t m ethanol add ition 167 109 89 76
Range o f  concentrations 127 - 203 9 4 - 1 1 8 7 8 - 9 6 6 3 - 9 0
W ith  0.25%  m ethanol add ition 148 97 91 77
Range o f  concentrations 1 1 0 - 1 8 7 83 -1 0 8 7 8 - 1 0 1 7 0 - 9 2
50 -F o ld  d ilu te d  serum  (11 =  12)
W ith o u t m ethanol add ition 197 97 108 106
Range o f  concentrations 123 -2 8 8 64 - 128 72 - 146 7 8 - 1 5 2
W ith  0.25%  m ethanol add ition 182 94 81 99
Range o f  concentrations 1 0 5 - 2 1 5 6 9 - 1 1 4 7 0 - 1 0 8 8 6 - 1 0 7
A ll these factors render the use o f  d ilu ted  serum analysis by U S N -IC P -M S  unsuitable
82 +fo r analysis o f  selenium  concentration in  human serum. Th is  applies to  the Se 
isotope as w e ll as the ‘ less re lia b le ’ isotopes.
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Analysis o f acid-digested Seronorm using the USN
The assessment o f  the acid-digested serum was the same as tha t fo r  the V G N  except 
three samples were analysed on s ix  separate occasions. Iden tica l ca lib ra tion  standards 
were used fo r both sample in troduc tion  methods (section 5.4.1.).
Table 5.4.2.2. To ta l selenium  concentration (p g  I"1) o f  acid-digested replicates (three 
samples analysed on s ix  separate occasions) o f  Seronorm ™  Trace Elem ents in  Serum, 
reference value 86 pg I ' 1. The m ethod o f  sample in troduction  was the U S N , w ith o u t 
and w ith  m o d ifica tio n  using organic add ition  ( 1%  v /v  m ethanol).
n=18
N o m e thano l a d d itio n
76Se+ 77Se+ 78Se+ 82Se+
Observed concentration 
( r f g r 1)
159 99 83 87
Range 1 1 8 - 1 8 7 81 - 116 7 7 - 9 8 8 1 - 9 3
0 .25%  m ethano l a d d itio n
Observed concentration
(n g  i ' 1)
164 89 90 92
Range 1 1 9 - 2 0 2 8 1 - 9 7 8 3 - 9 5 8 7 - 9 8
The acid-digested Seronorm results fo r  the U S N  are fa ir ly  good w ith  a ll o f  the 
isotopes except 76Se+ g iv in g  good or fa ir  results.
The result using the 77Se isotope to  calculate the concentration o f  selenium  w ith o u t 
organic add ition  is h igh  com pared to  the recommended value and is undoubtedly due 
to  residual ch lorine  fo rm in g  the 40A r37C l+ interference. W ith  the add ition  o f  methanol 
( 1%  v /v ) the interference is suppressed and the result im proved in  terms o f  both 
accuracy and precision.
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The 78Se and 82Se isotope results w ith  no organic add ition  are very good. However, 
the 78Se isotope tends to g ive fa ir ly  im precise results compared to  those observed w ith  
the 82Se isotope. The im prec is ion  o f  the 78Se isotope is reduced w ith  m ethanol 
add ition  bu t at the expense o f  accuracy.
5 .4 3 . A n a lys is  o f  S e ro n o rm ™  T ra c e  E lem ents in  Serum  us ing  h y d r id e  
gene ra tion  as the  m ethod o f  sam ple in tro d u c tio n  to  the  IC P -M S
Precision (repeatability) o f the HG-ICP-MS method fo r  blood serum analysis 
The long-term  signal s tab ility  o f  the H G  system is not subject to  the same problem s as 
those seen w ith  the analysis o f  d ilu ted  serum, nam ely so lid  deposition. H ow ever, there 
is a need to  be able to  evaluate the precis ion o f  the digestion and H G  m ethod by 
studying re p ro d u c ib ility  o f  the technique. R e p roduc ib ility  was assessed using 10 
aliquots o f  the in-house serum, w h ich  were digested (F igure 5.3.3.3.) and analysed fo r 
selenium  concentration by H G -IC P-M S. The tw o  internal standards, 74Ge and 115In  (25 
pg I"1) were present in  the separately nebulised (V G N ) solution. Calcu la tions o f  
selenium  concentrations were made w ith  and w ith o u t the use o f  an in terna l standard. 
The results using e ither o f  the in terna l standards 74Ge+ or 115In+ were better than those 
w ith o u t in ternal standardisation. The results o f  the analysis using 82Se+ are portrayed 
in  Figures 5.4.3.1. (a and b ) using the tw o  internal standards, 74Ge+ and 115In+ , 
respectively.
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Figure 5.4.3.1. (a) P recision o f  the H G -IC P -M S  technique using rep lica te  analysis o f  
an in-house serum sample. 115In+ is used as the in terna l standard.
The re p roduc ib ility  o f  the digested in-house reference serum can be considered to  be 
very good, when using 115In  as an in terna l standard. A l l  bu t three o f  the analyses fa ll 
w ith in  one standard devia tion  o f  the mean value (88 ±  5 pg f 1).
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Figure 5.4.3.1. (b) Precision o f  the H G -IC P -M S  technique using rep licate analysis o f  
an in-house serum sample. 74Ge+ is used as the in terna l standard.
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Again, the rep roduc ib ility  o f  the HG technique can be considered to  be very good w ith  
on ly  three samples fa llin g  outside o f  one standard deviation o f  the mean selenium 
concentration (87 ±  5 pg I 1). It is in teresting to note that samples 3 and 4 both 
consistently fa ll outside the one standard devia tion o f  the mean value. Th is im plies 
that some error occurred in  the d igestion technique fo r these tw o samples. The source 
o f  the error cou ld  be in sample vo lum e used or incom plete d igestion (occasionally 
noticed w ith  samples at the edge o f  the tem perature-contro lled reaction b lock, where 
it  may be cooler).
Accuracy o f the HG-ICP-MS method fo r  blood serum analysis
Accuracy fo r the H G -IC P-M S technique was assessed using the same reference 
m ateria l as that used fo r the V G N  and USN, namely the Seronorm™  Trace Elements 
in Serum. 3 a liquots, (2 x 1.00 m l and 1 x 0.80 m l) o f  the reference serum were 
analysed on tw o  separate occasions using x2Se+ w ith  1 [y\n+ and 74Ge+ internal standard 
correction respectively.
100 j
90 |
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Figure 5.4.3.2. (a) Selenium concentration determ ined in reference m ateria l Seronorm 
Trace Elements in Serum, batch num ber 311089, using the s"Sef isotope and l l 5In ' as 
a separately nebulised internal standard. Reference value o f  86 pg F 1 is marked by the 
blue horizonta l line. Mean selenium concentration determ ined was 79 ±  4 pg I '1.
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Figure 5.4.3.2. (b) Selenium concentration determ ined in reference m ateria l Seronorm 
Trace Elements in  Serum, batch num ber 311089, using the x"Se+ isotope and 74Ge+ as 
a separately nebulised internal standard. Reference value o f  86 pg F1 is marked by the 
blue horizonta l line. Mean selenium  concentration determ ined was 80 ± 3 pg F1.
N o obvious d ifference can be observed between the results using the l l 5In+ or 74Ge+ 
internal standard. However, the use o f  74Ge+ gives the best mean selenium 
concentration o f  80 ± 3 pg F 1 compared to  the mean concentration using I l5In+ fo r 
calcu la tions o f  79 ±  4 qg 1 .
A l l  o f  the results show a s ligh t negative bias (systematic error) based on the 
recommended value o f  86 pg 1 1 selenium. The mean concentration o f  selenium 
determ ined comes close to the value quoted by the m anufacturer fo r the low er range 
concentration, nam ely 79 pg I 1.
The systematic error leading to  a negative on a ll o f  the results is believed to be due to 
conversion o f  the SeIV to  Sevl when the sample is a llow ed to  cool p r io r to analysis by 
HG -ICP-M S. Bratter, [1997] recommended that the fina l stage in  the sample digestion 
method, where HCI is added to  reduce Sevl to Selv, should be undertaken at 90°C but 
should be kept at 90°C u n til in troduced in to  the HG system. This, is it  believed w il l  
prevent ox ida tion  o f  Selv to  Sev l. A lte rna tive ly , there cou ld  be a reduction in the HG 
fo rm ation  e ffic iency  w ith  digested serum samples.
278
T h e  suitability o f  the other selenium isotopes, 7 6S e + (using only 1 1 5 In+ as internal
77 T 78 -}* • » *
standard), S e  a n d  S e  for determining total selenium concentrations in S e r o n o r m  
reference b l oo d serum, batch n o  31 10 89 , are presented in Table 5.4.3.3.
Table 5.4.3.3. S e l e n i u m  concentration de te rm in ed in reference material S e r o n o r m ™  
batch n u m b e r  31 10 89 , using the selenium isotopes 7 6Se, 77S e  a n d  7 8Se.
n = 6 7 6S e + 7 7 S e + 7 8S e +
S e + 109 ± 4 5 1 0 1 + 2 2 7 6  +  3 8
S e +:7 4G e + - 7 7 + 1 3 8 2  +  9
S e V l5In+ 113 +  21 7 4 + 1 2 81 +  8
T h e  results using just the selenium isotopes without internal standardisation are po or
77 H~ 78 4
in terms o f  accuracy a n d  precision. W i t h  internal standardisation the S e  a n d  Se' 
isotope results are greatly improved. T h e  a r g u m e n t  for using the 7 8S e + isotope for 
selenium concentration determinations has b e e n  further strengthened b y  this set o f  
results. T h e  isotope has provided accurate results with fair precision w h e n  c o m b i n e d  
with internal standardisation.
T h e  p r o b l e m s  o f  s e r u m  analysis b y  I C P - M S  h a v e  b e e n  investigated. A  variety o f  
s a m p l e  introduction m e t h o d s  ( V -g ro ov e nebuliser, ultrasonic nebuliser a n d  hydride 
generation) a n d  their modifications (organic solvent addition a n d  internal 
standardisation) h a v e  b e e n  assessed for their suitability for routine determinations of 
selenium concentrations in s e r u m  samples.
T h e  m a j o r  matrix interferent, sodium, w a s  studied to ensure that its presence did not 
suppress (or enhance) the S e + signal. It w a s  discovered that s o d i u m  suppression w a s  
significant but not at the levels o f  dilution u s e d  in this work. A  10-fold dilution o f  a 
s e r u m  s a m p l e  effectively r e m o v e d  s o d i u m  interference.
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T h e  next series o f  m e a s u r e m e n t s  investigated w e r e  the analysis o f  selenium in diluted 
b l o o d  serum. H a v i n g  observed that a  suitable dilution factor o f  1 in 10 ( s er um : 1 %  
H N 0 3 diluent) w a s  sufficient to r e m o v e  the s o d i u m  suppression interference f r o m  the 
matrix b l o o d  s e r u m  then the study o f  the analysis o f  selenium concentrations in 
diluted bl o o d  s e r u m  w a s  investigated.
It w a s  f o u n d  that certain instrumental parameters, such as, the construction o f  the 
glass injector tube w e r e  important w h e n  analysing diluted b l o o d  serum. W h e r e a s  
p r o b l e m s  w e r e  not observed w h e n  analysing ‘clean’ sa mp le s as so o n  as the s a m p l e  
contains a  higher a m o u n t  o f  dissolved solids (proteins especially) so p r o b l e m s  begin 
to occur. T h e  design a n d  construction o f  a  glass injector tube that h a d  a tapered 
internal bore o v e r c a m e  the particular p r o b l e m  o f  s a m p l e  deposition in the injector 
tube.
Characteristics, su ch as, p o o r  long-term a n d  only fair short-term signal stability, 
s a m p l e  deposition o n  the s a m p l e  c o n e  orifice a n d  l o w  signal response for 50-fold 
diluted s e r u m  all led to a  disappointing set o f  results for the analysis o f  selenium 
( V G N  w a s  the m e t h o d  o f  s a m p l e  introduction) b y  simple dilution. This situation w a s  
not i m p r o v e d  b y  the use o f  either g e r m a n i u m  or i n d i u m  internal standardisation, 
except for the use o f  the 8 2S e +:7 4G e + signal with 20-fold diluted s e r u m  w h i c h  only h a d  
a 3.1 %  R S D  o f  the signal for the entire 5 hours o f  analysis.
In a n  attempt to i m p r o v e  the sensitivity o f  the S e + signal a n d  thus allow further 
dilution o f  the s a m p l e  matrix, the addition o f  m e t h a n o l  to the s a m p l e  w a s  
investigated. Initially it w a s  f o u n d  that a re-appraisal o f  the concentration o f  m e th an ol  
addition w a s  required d u e  to the ca rb on contribution f r o m  the s e r u m  s a m p l e  matrix. A  
lower concentration o f  organic solvent o f  1 %  v/v m e t h a n o l  (2 %  before on-line 
dilution) ga v e  i m p r o v e d  S e + signal sensitivity but w a s  still not as g o o d  as that seen for 
the standard solutions in Ch ap te r 4  (Table 5.5.1.)
280
T able 5.5.1. O p t i m u m  concentration o f  organic solvent addition for the S e +  signal 
w h e n  analysing standard solutions a n d  diluted s e r u m  samples.
Standard solution s a mp le s Diluted s e r u m  samples
%  m e t h a n o l  a d d e d  2 . 5 %  1 %  v/v m e t h a n o l
Signal e n h a n c e m e n t  4.3 2.8
o f  8 2S e +
N o  c h a n g e  in the o p t i m u m  instrumental conditions o f  forward p o w e r  a n d  N F R  w e r e  
observed with the addition o f  m e t h a n o l  to diluted s e r u m  c o m p a r e d  to the addition o f  
m e t h a n o l  to a standard solution sample.
T h e  addition o f  1 %  v/v m e t h a n o l  to the s a m p l e  ( 2 %  before on-line dilution) led to n o
77 + 82 +
i m p r o v e m e n t  in the S e  or S e  signals in terms o f  long-tenn stability. Fl ow ev er 
with the use o f  115In or 74G e  as internal standards the long-tenn signal stability w a s
77 + 82 +
greatly i m p r o v e d  for both S e  a n d  S e  isotope signals.
T h e  use o f  10 a n d  20-fold diluted s e r u m  (in 1 %  v/v H N 0 3) for the analysis o f  
selenium concentrations in s e r u m  has b e e n  s h o w n  to b e  the m o s t  favourable w h e n  
using the V G N  as the m e t h o d  o f  s a m p l e  introduction. It is important h o w e v e r  to h a v e  
internal standards ( 1 1 5 ln+ or 7 4G e +) to achieve g o o d  signal stability throughout a  days 
analysis. This level o f  dilution, with the addition of methanol, also allows a fairly
77 Hh 82 + >
g o o d  signal response f r o m  the S e  a n d  S e  isotopes.
T h e  use o f  the U S N  as the m e t h o d  o f  s a m p l e  introduction for diluted s e r u m  
necessitated a m i n i m u m  20-fold dilution o f  the serum. This prevented serious 
deposition o f  protein material in the apparatus a n d  g o o d  signal response w a s  still 
achievable d u e  to the better s a m p l e  transport efficiency o f  the U S N .  In addition the 
greater dilution o f  the s e r u m  al lo we d b y  the use o f  the U S N  also reduced seriun 
matrix effects. T h e  addition o f  m e t h a n o l  to the s a m p l e  h a d  n o  beneficial effect o n
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long-term or short-term signal stability for the U S N .  T h e  use o f  internal standards, 
especially g e r m a n i u m  w e r e  f o u n d  to b e  very important in order to achieve g o o d  long­
t e r m  signal stability w h e n  investigating S e + signals. T h e  m a j o r  disadvantage o f  the 
U S N  w a s  again f o un d to b e  the inability o f  the system to consistently give g o o d  long­
term stability f r o m  day-to-day. T h e  best conditions for the analysis o f  selenium 
concentrations in diluted s e r u m  w h e n  using the U S N  w e r e  f o u n d  to b e  a  20-fold 
dilution o f  the serum, along with 1 %  m e t h a n o l  addition a n d  the use o f  7 4G e + as a n  
internal standard.
T h e  analysis o f  acid-digested s e r u m  demonstrated a fast a n d  efficient digestion 
m e t h o d  (Figure 5.3.0.1.) for the V G N  a n d  U S N  m e t h o d s  o f  s a m p l e  introduction. 
R e c o v e r y  o f  a selenium standard u s e d  in the digestion m e t h o d  resulted in a  m e a n  
analyte recovery o f  9 9  ±  3 %  b a se d o n  three samples analysed o n  t w o  separate 
occasions. T h e  mineralisation o f  the s e r u m  matrix led to excellent long-term stability 
o f  the I C P - M S  w h e n  either the V G N  or U S N  w e r e  used as the m e t h o d  o f  s a m p l e  
introduction. T h e  V G N  required the addition o f  me th an ol to the s a m p l e  to achieve 
g o o d  sensitivity a n d  long-term stability. A s  with diluted s e r u m  the long-term signal 
stability o n  a day-to-day basis w a s  brought into question w h e n  using the U S N .
W h e n  using the H G  system as the m e t h o d  o f  s a m p l e  introduction to analyse digested 
s e r u m  the preliminary investigations found:
(i) transition metal interference f r o m  the matrix did not interfere with the H G  
system e v e n  w h e n  c o m b i n e d  with H N 0 3 (from the digestion technique) at 
higher concentrations than those f o u n d  in digested s e r u m  samples;
(ii) selenium recoveries f r o m  the acid digestion technique w e r e  very g o o d  w h e n  
using t w o  different m e t h o d s  o f  appraisal;
8 2S e + recoveries o f  9 4 . 4 %  (range 8 8 . 6  to 1 0 2 . 3 % )  for the spike only 
8 2S e + recoveries o f  9 3 . 8 %  (range 87.1 to 9 9 . 9 % )  for the spike a n d  
serum;
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(iii) the use o f  a n  internal standard (separately nebulised 7 4G e + or ll5 In+) w a s  
essential in order to achieve g o o d  analytical pe r f o r m a n c e  f r o m  the H G  system 
as the m e t h o d  o f  s a m p l e  introduction.
All m e t h o d  validation a n d  quality assurance o f  the various m e t h o d s  o f  s a m p l e  
introduction, a n d  their modifications w a s  d o n e  using S e r o n o r m ™  Tr ac e E l e m e n t s  in 
S e r u m  reference material. T h e  best results o f  the analysis o f  the reference s e r u m  for 
selenium concentration (reference value 8 6  p g  I'1) are s h o w n  in Table 5.5.2.
Table 5.5.2. S e l e n i u m  concentration observed ( p g  I"1) a n d  range o f  concentrations in 
S e r o n o r m ™  Tr ac e E l e m e n t s  in S e r u m  reference material for various m e t h o d s  o f  
s a m p l e  introduction. T h e  results that are particularly g o o d  are in bo l d  type a n d  take 
into consideration accuracy a n d  precision (repeatability) o f  the results.
M e t h o d  us e d 7 6§ e + 7 7 S e + 7 8S e + 8 2§ e +
V G N
Digested s e r u m  
+  2 . 5 %  m e t h a n o l  ( n = 6 )
13 9 
( 1 2 9 -  156)
8 7  
(81 - 92)
91
(83 - 104)
8 3  
(78 - 8 8 )
U S N
2 0 -fold diluted s e r u m  
( n = 1 2 )
Digested s e r u m  
(n=18)
Digested s e r u m  
+  1 %  m e t h a n o l  (n=18)
16 7
( 1 2 7 - 2 0 3 )
109
( 9 4 - 1 1 8 )
8 9  
(78 - 96)
7 6  
(63 - 90)
159
1 1 8 - 1 8 7
9 9
8 1 - 1 1 6
83
7 7 - 9 8
8 7
8 1 - 9 3
16 4
1 1 9 - 2 0 2
89
8 1 - 9 7
9 0
8 3 - 9 5
9 2
8 7 - 9 8
H G
Se:74G e  ( n = 6 ) ±  S D  
Se:115In ( n = 6 ) ± S D 113 ± 2 0
7 7  ±  13
7 4  ±  12
8 2  ± 9  
81 ±  8
8 0  ±  3 
7 9  ± 4
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O f  all the results the best in terms o f  accuracy a n d  precision are those achieved using 
the V G N  with acid-digested s e r u m  a n d  with the addition o f  2 . 5 %  m e t h a n o l  to the
77 + 82 H- * *
sample. This technique allows for the use o f  S e  a n d  S e  isotopes for selenium 
concentration determinations. It also demonstrates the ability o f  m e t h a n o l  addition to 
r e m o v e  polyatomic ion interferences f r o m  the 7 7S e + isotope w h e n  analysing bl o o d  
s e r u m  samples.
T h e  use o f  the 7 8S e + isotope is favoured b y  introduction techniques with a higher 
sensitivity. This m e a n s  better 7 8S e + results with the U S N  a n d  H G  m e t h o d s  o f  s a m p l e  
introduction. T h e  greater a b u n d a n c e  o f  7 8S e + enables this isotope to b e  us ed for 
analysis as the signal f r o m  the selenium completely m a s k s  the contribution f r o m  the 
interference 40A r 3 8A r +.
A l t h o u g h  the U S N  with m e t h a n o l  addition demonstrates the greatest ability to give the 
closest m a t c h i n g  set o f  results for the selenium isotopes 7 7S e +, 7 8S e + a n d  8 2S e + it does 
suffer f r o m  p o o r  precision (repeatability). In addition the U S N  has b e e n  f o u n d  to 
suffer f r o m  po o r  long-term stability that cannot b e  corrected for b y  the use o f  an 
internal standard.
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C h a p t e r  6
D i s c u s s i o n  a n d  C o n c l u s i o n s
6.1 Introduction
T h e  following chapter will d r a w  conclusions f r o m  ea c h  o f  the principal areas o f  
research set out in section 1.7. T h e s e  will highlight a  selection o f  m e t h o d s  for the 
analysis o f  selenium b y  I C P - M S  w h i c h  will b e  s h o w n  to present superior analytical 
figures o f  merit. T h e  discussion will focus particularly o n  s a m p l e  presentation 
m e t h o d s  e n c o m p a s s i n g  s a m p l e  preparation a n d  introduction to the I C P - M S .  Finally, 
this thesis will present o n e  m e t h o d  that will b e  s h o w n  to supersede the others in its 
levels o f  accuracy a n d  precision a n d  in its ease o f  application, cost effectiveness a n d  
suitability for routine analysis.
6.2. T S i e  S u r v e y  o f  A v a i l a b l e  L i t e r a t u r e  D e a l i n g  w i t h  t h e  A n a l y s i s  o f  
S e l e n i u m  In B l o o d  S e r u m
T h e  first object o f  this thesis w a s  to re vi ew the available literature in this field o f  
research a n d  establish the merits o f  various techniques currently us e d  for the routine 
analysis o f  selenium in bl o o d  serum.
T h e  conclusions o f  this re vi ew are in T a bl e 2.5 w h i c h  characterises the various 
techniques b y  their analytical figures o f  merit ( A F M ) .  T h e  techniques that h a v e  f o u n d  
greatest favour a n d  the reasons for their popularity are:
(i) Fluorimetry: is simple, c h e a p  a n d  versatile but has relatively po o r  detection 
limits for selenium a n d  requires the selenium to b e  in the S e IV state;
(ii) N A A :  possesses very g o o d  detection limits, is extremely accurate a n d  has 
simultaneous multi-element capability. H o w e v e r ,  75S e  (fo2 =  12 0 days) 
requires long delay periods before g a m m a - r a y  counting, whilst the 77mS e  (fo =  
17.5s) requires specialised instrumentation a n d  suffers f r o m  interferences f r o m  
the c o n t i n u u m  b a c k g r o u n d  region. In addition s a m p l e  preparation involves 
freeze-drying the s e r u m  s a m p l e  into a  solid form;
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(iii) E T A - A A S :  g o o d  detection limits (sub p g  I"1), relatively cost effective, well 
d o c u m e n t e d  a n d  fairly quick analysis time. E T A - A A S  is b y  far the m o s t  
popular m e t h o d  for selenium concentration determinations in b l oo d s e r u m  (see 
Ta bl e 2.2.2.). H o w e v e r ,  selenium analysis requires matrix-modification, 
usually with the addition o f  metals (Ni, Cu ,  M n )  to prevent pre-atomisation 
losses.
H o w e v e r ,  since the early eighties the d e v e l o p m e n t  o f  inductively co up le d p l a s m a  
m a s s  spectrometry has b e e n  s h o w n  to provide the trace el em en t analyst with a tool 
that supersedes the a b o v e  techniques in the following ways:
(i) detection limits (typically <  2 p g  f 1 using 8 2S e +) that match, if not i m p r o v e  o n  
those achievable b y  E T A - A A S ;
(ii) simultaneous multi-element capability, w h i c h  c o m b i n e d  with the exceptional 
linear d y n a m i c  range allows for ultra-trace, trace a n d  m a j o r  e l em en t 
m e a s u r e m e n t s  simultaneously;
(iii) isotopic information, thus allowing stable isotope tracer studies [Janghorbani, 
1 9 81 ,1 98 2, 19 8 4  a n d  1989b];
iv) rapid s a m p l e  throughput. O n c e  sa mp le s are prepared they should ea ch take 4- 
5 min. including s a m p l e  take-up, analysis a n d  washout.
Fo r these reasons in the last f e w  years I C P - M S  has b e e n  the subject o f  a large n u m b e r  
o f  published papers, in fact m o r e  than for traditional techniques s u c h  as fluorimetry, 
E T A - A A S  a n d  N A A .
In Table 2.2.2. a n  up-to-date literature r e vi ew o f  selenium concentrations in h u m a n  
s e r u m  is portrayed. This covers data for healthy individuals, male/female, 
adult/children a n d  disease conditions f r o m  a w i d e  variety o f  geographical locations.
287
6.3. A s s e s s m e n t  off t h e  T h r e e  M e t h o d s  off S a m p l e  I n t r o d u c t i o n  U s i n g  
S t a n d a r d  S o l u t i o n s
T h e  various m e t h o d s  o f  s a m p l e  introduction w e r e  assessed for various merits, 
including sensitivity a n d  the formation o f  polyatomic ions un de r different operating 
parameters. T h e  conclusions f r o m  these studies follow.
6.3.1. Sensitivity
It is possible to conclude f r o m  the findings presented in Figure 4.3.1. that the hydride 
generation ( H G )  sy st em produces the greatest sensitivity for selenium analysis (~ 
50,000 cts/ppb). H o w e v e r ,  it is important to a d d  to this a r g u m e n t  that the s a m p l e  
v o l u m e  requirement o f  the H G  sy st em (8-10 ml /m in ) necessitates roughly 5 times 
m o r e  s a m p l e  than that required with the other m e t h o d s  o f  s a m p l e  introduction. W h e n  
this extra dilution factor is considered the d o m i n a n c e  o f  the H G  system over the other 
m e t h o d s  o f  s a m p l e  introduction is eroded. O n c e  s a m p l e  v o l u m e  requirements are 
considered it ca n  b e  co n c l u d e d  that the H G  a n d  ultrasonic nebuliser ( U S N )  m e t h o d s  
h a v e  similar sensitivities w h e n  applied to s e r u m  s a m p l e  analysis.
6.3.2. Spectroscopic interferences
T h e  ability to use the various stable selenium isotopes d e p e n d s  o n  the degree o f  
interference associated with the respective m / z  nu mb er . It w a s  rapidly c o nc lu de d that 
8 0S e +, the m o s t  a b un da nt isotope w a s  unsuitable for selenium determinations d u e  to 
the 4 0A x 2+ dimer. Similarly, severe restrictions w e r e  put o n  the use o f  7 6S e + d u e  the 
4 0A r 3 6A r + polyatomic ion interference. T h e  other isotopes w e r e  f o u n d  to b e  subject to 
spectroscopic interferences to varying degrees. T h e  degree o f  interference f r o m  the 
spectroscopic overlap o f  polyatomic ion species w a s  s h o w n  to b e  d u e  to the m e t h o d  o f  
s a m p l e  introduction, instrumental parameters ( N F R  especially) a n d  s a m p l e  matrix. 
T h e  use o f  mathematical correction w a s  fo u n d  not to b e  suitable for interference 
correction. T h e  reasons for this w e r e  that concentrations o f  selenium in the samples
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w e r e  close to detection limits a n d  the rate o f  interference ion formation w a s  irregular. 
T h e  conclusions f r o m  e a c h  m e t h o d  o f  s a m p l e  introduction are discussed separately 
below.
Spectroscopic interferences encountered using the V-groove nebuliser (VGN)
T h e  polyatomic ions ( A r C l + a n d  A r 2+) w e r e  characterised in terms o f  their rate of  
formation u n de r various instrumental conditions, n a m e l y  nebuliser f l o w  rate. 
C o m p a r i s o n  o f  signal responses o n  m / z  76, 7 7  a n d  7 8  w e r e  m a d e  with the relatively 
interference-free 8 2S e + isotope. It w a s  co n c l u d e d  that the S e + signal favoured a N F R  o f 
~  1.0 - 1.05 1 m i n . ' 1 c o m p a r e d  with the interfering polyatomic ions w h i c h  favoured 
N F R s  o f  0.7 - 0.75 1 min."1. F r o m  this information it ca n  b e  stated that instrumental 
optimisation in terms o f  N F R  is essential for m a x i m u m  S e + signal response a n d  to 
separate the ‘true’ analyte (Se+) p e a k  f r o m  the interference peak. U n d e r  n o r m a l  
operating conditions the V G N  ga v e  elevated signal responses for 7 6S e +, 7 7 S e + a n d  
7 8S e + d u e  to the polyatomics A r 2+ a n d  A r C l +. This precludes the use o f  these isotopes 
for selenium concentration determinations in b l oo d s e r u m  using these n o r m a l  V G N  
operating conditions. T h e  identification o f  the c o m p o n e n t s  o f  interfering species w a s  
ac c o m p l i s h e d  b y  investigating related species:
(i) 40A r 3 5 Cl + o n  m / z  7 5  c o m p a r e d  with the signal f r o m  4 0A r 3 7C l + o n  m / z  7 7  w h i c h  
closely m a t c h e d  the natural a b u n d a n c e  o f  Cl, n a m e l y  3:1;
(ii) co mp ar is on s o f  the relative a b u n d a n c e  o f  40A r 36A r + a n d  4 0A r 3 8A r + w h i c h  
again r e se mb le d the natural a b u n d a n c e  o f  the argon isotopes.
T h e  m a g n i t u d e  o f  the S e + signal a n d  the interferent signals w e r e  s h o w n  to increase 
with forward power. This occurs u p  to a forward p o w e r  o f  1.5 k W  for the true S e + 
response w h e r e  it plateau’s, a n d  an increase to 1.6 k W  demonstrates a  slight decrease 
in S e + signal response. H o w e v e r ,  the interferences A r 2+ a n d  A r C l + s h o w  further 
increases in response with increases in forward power. This trend appears to b e  
directly related to the forward p o w e r  applied a n d  is also noted with the ultrasonic 
nebuliser.
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Spectroscopic interferences encountered using the ultrasonic nebuliser (USN)
T h e  U S N  has b e e n  s h o w n  to i m p r o v e  analyte sensitivity w h e n  co up le d to I C P - M S  b y  
im p r o v i n g  analyte transport efficiency. H o w e v e r ,  this i m p r o v e m e n t  in s a m p l e  
transport efficiency also results in the undesirable parts o f  the s a m p l e  matrix being 
transported with greater efficiency as well. This statement specifically applies to the 
increase in 4 0A r 3 7C l + interference o n  7 7 S e + observed w h e n  analysing chlorine- 
containing matrices, such as, s e r u m  a n d  using the U S N  as the m e t h o d  o f  s a m p l e  
introduction.
T h e  o p t i m u m  selenium signal response w a s  fo u n d  to appear at a N F R  o f  1.05 1 min."1. 
H o w e v e r ,  the signal response peak, as a function o f  N F R ,  w a s  far broader with the 
U S N  than that observed for the V G N .  T h e  broadness o f  the o p t i m u m  signal p e a k  for 
S e +, with N F R ,  w a s  also observed for the interfering ions (A r2+ a n d  A r C l +). This 
c o m b i n e d  with the appearance o f  the interfering peaks at a higher N F R  ( m a x i m u m  =  
0.85 1 min."1) led to a  greater overlap with the true p e a k  than that observed with the 
V G N .  In addition, the m a g n i t u d e  o f  the A r 2+ a n d  A r C l + polyatomic ion signals w e r e  
greater with the U S N  than the V G N .  It is p r op os ed that the reasons for the greater 
m a g n i t u d e  of interfering ions with the U S N  are greater water v a p o u r  loading a n d  
matrix derived polyatomic ions d u e  to the i m p r o v e d  nebulisation efficiency o f  the 
U S N .
Apart f r o m  the 8 2S e + isotope the only other isotope that demonstrated potential for 
quantitative analysis w a s  the 7 8 S e + isotope. This proposal is b a se d o n  the i m p r o v e d  
signal-to-noise ratio o f  the U S N  a n d  the a b u n d a n c e  o f  78S e  ( 2 3 . 6 % )  allowing the use 
o f  the isotope as signal/interferent ratios b e c o m e  manageable.
Spectroscopic interferences encountered using the hydride generation (HG) system  
D u e  to the different m o d e  o f  s a m p l e  presentation with the hydride generation system 
the analyte is effectively r e m o v e d  f r o m  the matrix. In conjunction with the greatly 
i m p r o v e d  analyte transport efficiency o f  the hydride generation sy st em it can b e
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c o nc lu de d that the selenium isotopes 7 7 S e +, 7 8S e + as well as 8 2S e + c a n  n o w  b e  us ed for 
quantitative determinations.
It c a n  b e  argued that the m o s t  favourable m e t h o d  o f  s a m p l e  introduction in terms of 
sensitivity a n d  removal/minimisation o f  spectroscopic interferences is the use o f  the 
hydride generation system. H o w e v e r ,  s o m e  concern over the normally interference- 
free 8 2S e + w a s  raised w h e n  elevated signals o f  this isotope w e r e  noted. P r o p o s e d  
interferences o n  m / z  8 2  that are not normally considered are 40A r 2H 2+ a n d  H 8 1B r +.
6.3.3. Modification of m e t h o d s  of s a m p l e  introduction
Various modifications to the various m e t h o d s  o f  s a m p l e  introduction h a v e  b e e n  
investigated in this work. T h e  conclusions d r a w n  f r o m  the findings o f  these 
investigations are n o w  discussed.
Separately nebulised internal standard and the hydride generation (HG) system  
T h e  separately nebulised internal standardisation ga ve the following benefits to s e r u m  
analysis for selenium w h e n  using the hydride generation system:
(i) greatly i m p r o v e d  sensitivity (almost twice the signal using o p t i m u m  
instrumental conditions o f  forward p o w e r  a n d  N F R )  o f  a  ‘w e t ’ p l a s m a  
c o m p a r e d  to a  dry p l a s m a  w h e n  using the H G  system for the determination o f  
selenium in samples;
(ii) greatly i m p r o v e d  short a n d  long-term signal stability o f  the selenium signal 
w h e n  using the internal standard for corrections o f  fluctuations in selenium 
signal response.
A  suitable conclusion o f  these findings is that the introduction o f  a  separately 
nebulised internal standard strengthens the conclusion that hydride generation 
possesses the greatest merits for selenium analysis in standard solutions.
T h e  other modifications to the s a m p l e  introduction m e t h o d s  involved the addition o f  
organics solvents to the s a m p l e  a n d  are discussed next.
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The addition o f  organic solvents and its effects on the determination o f  selenium  in  
samples
T h e  addition o f  organic solvents to the s a m p l e  prior to nebulisation has s h o w n  three 
distinct advantages:
(i) at least a four-fold e n h a n c e m e n t  o f  the S e + signal for synthetic solutions a n d  
digested s e r u m  solutions w a s  observed w h e n  adding 2 . 5 %  v/v m e t h a n o l  to the 
s a m p l e  prior to nebulisation using the V - g r o o v e  nebuliser. This c o m p a r e s  with 
a n  e n h a n c e m e n t  factor o f  only 2.8 for the 8 2S e + signal w h e n  adding 1 %  v/v 
m e t h a n o l  ( o p t i m u m  %  m e t h a n o l  addition for a diluted s e r u m  matrix) to 1 0 - 
fold diluted s e r u m  using the V G N ;
(ii) the suppression or r e m o v a l  o f  interfering polyatomics (A r2+ a n d  A r C l +) b y  
competitive reactions o f  the precursors (Ar a n d  Cl) with ca rb on to give A r C + 
a n d  C C 1 +;
(iii) better selenium signal stability in the short a n d  long-term with the addition 
o f  m e t h a n o l  to the sample. Fo r  ex am pl e, the short-term signal stability o f  the 
8 2S e + signal w e r e  1.91 %  R S D  a n d  4 . 1 5 %  R S D ,  with a n d  without organic 
solvent addition, respectively.
T h e s e  advantages w e r e  noticed to a  lessor degree with the U S N  than with the V G N  as 
the m e t h o d  o f  s a m p l e  introduction. T h e  advantages o f  signal e n h a n c e m e n t  a n d  
interference suppression with the addition o f  methanol, or other organic solvents, are 
discussed separately below.
Signal enhancem ent by the addition o f  organic solvents to the sample 
T h e  presence o f  organic solvents, su c h  as methanol, i m pr ov es the formation o f  
droplets f r o m  the nebulisers. T h e  solvents alter the physico-chemical properties o f  the 
s a m p l e  b y  decreasing its viscosity, w h i c h  leads to a n  easier passage through the 
nebuliser a n d  smaller droplet size formation [Bolton, 1 9 9 7  a n d  S h u m ,  1993]. This 
w o u l d  affect the desolvation stage in the plasma, the degree o f  ionisation o f  the 
analyte a n d  the resulting signal response. This i m p r o v e m e n t  in analyte transport b y  
the V - g r o o v e  nebuliser ( V G N )  could b e  u s e d  to explain the observed - 2 0 %  increase
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in signal response for a  w h o l e  suite o f  elements (Ca, Ge, In, Cu ,  Zn , T e  a n d  Hg). T h e  
only variation f r o m  this general i m p r o v e m e n t  in signal response w a s  for selenium a n d  
arsenic w h i c h  s h o w e d  far greater signal en hancements.
T h e  greater e n h a n c e m e n t  o f  the selenium signal is possibly d u e  to a  charge e x c h a n g e  
reactions b e t w e e n  C + ions a n d  the selenium a t o m s  in the plasma. N i u  a n d  H o u k  
[1996] stated that charge e x c h a n g e  reactions are at their m o s t  prolific w h e n  the 
excited state o f  the product ion (Se) is close in energy to that o f  the initial reactant ion 
( C +). Thus, in order for the reaction represented in the equation
C + +  S e  —> C  +  S e +* (Equation 6.3.3.)
to take place to an y  appreciable degree the first ionisation energy o f  carbon m u s t  
ap pr ox im at e to the energy required to f o r m  the excited selenium ions, S e + . T h e  first
t 'i
excited state o f  selenium (corresponding to a  m o v e m e n t  b e t w e e n  the g r o u n d  state 4 p  
4 S° a n d  the excited state 4 p 3 2D ° )  is m a r k e d  with a n  emission at a wa v e l e n g t h  o f  759.4 
n m .  T h e  energy required to elevate S e + to S e +* is 15 7  kJ m o l " 1 according to the 
equation:
E  =  h  X  N a  X  c I X  (Equation 6.3.4.)
where, h  is P l a n c k ’s constant a n d  N A  is A v o g a d r o ’s constant,
This value for the excitation o f  selenium, plus the first ionisation energy o f  selenium 
(940.9 kJ mo l ' 1) =  1 0 9 8  kJ m o l ' 1.
This resultant value for S e +* is close to the first ionisation energy o f  carbon w h i c h  is 
1086.2 kJ mo l ' 1. Therefore, it is p r o p o s e d  that it is this reaction b e t w e e n  C + a n d  
selenium a t o m s  that results in a n  e n h a n c e m e n t  o f  selenium ionisation within the 
plasma. T o  a d d  to this a r g u m e n t  is the case o f  arsenic w h i c h  has also s h o w n  a similar 
signal e n h a n c e m e n t  to that o f  se le ni um with the addition o f  organic solvents. T h e
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energy required to p r o d u c e  the excited A s +* ion is 1 0 6 2  kJ m o l ' , w h i c h  is also very 
close to the first ionisation energy o f  carbon.
La rs en a n d  Stirrup s h o w e d  that b r o m i n e  (ionisation energy 11.81 e V )  w h i c h  is well 
a b o v e  the ionisation energy o f  carbon did not demonstrate signal e n h a n c e m e n t  with 
the addition o f  organics. Likewise, this w o r k  has s h o w n  that tellurium a n d  mercury, 
w h i c h  h a v e  first ionisation energies higher than arsenic a n d  selenium, d o  not 
demonstrate similar signal e n h a n c e m e n t s  in the presence o f  carbon. It therefore s e e m s  
that only elements close in ionisation plus excitation energy to that o f  the ionisation 
energy o f  carbon s h o w  significant e n h a n c e m e n t  o f  signal in the presence o f  organic 
solvents.
Suppression or removal o f  polyatom ic ion interference using organic solvent 
addition
D a m s  [1995] stated that the addition o f  a n  organic solvent led to a shift in the 
o p t i m u m  nebuliser f l o w  rate ( N F R )  for the formation o f  interference p e a k  but di d n ’t 
reduce the m a g n i t u d e  o f  formation o f  interferent. T h e  observations f r o m  this w o r k  
only partly confirm D a m ’s findings, n a m e l y  the shift to a higher N F R  (0.7 1 m i n . " 1 to
0.75 - 0.8 1 min."1) o f  the interference peak. In contrast to D a m ’s findings it has b e e n  
f o u n d  that the addition o f  organic solvent do es suppress the formation of polyatomic 
ion interferences.
Several theories exist for the observed effects o f  polyatomic suppression with the 
addition o f  organics:
(i) the introduction o f  a n  organic solvent m a y  reduce the p l a s m a  temperature a n d  
increase the kinetic temperature. This m a y  result in suppression o f  the 
ionisation o f  s o m e  polyatomic species a n d  increase their rate o f  
decomposition;
(ii) the competitive formation o f  carbon-containing polyatomic ions m a y  
r e m o v e  the source o f  interfering ions; for e x a m p l e  A r C + a n d  C C 1 +.
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Larsen a n d  Stiirup [1994] stated that although a n  almost linear increase in the 
formation o f  4 0A r 1 2 C + a n d  ,2C 3 5C 1 + w a s  observed with the addition o f  carbon, n o  
reduction o f  the A r C l + ion signal w a s  observed. H o w e v e r ,  in this work, the 
investigation o f  the ions C C 1 + a n d  A r C l + at varying N F R  do es demonstrate a 
relationship b e t w e e n  the formation o f  C C 1 + a n d  the reduction o f  A r C l + . T h e  reduction 
o f  A r C l + is m o s t  noticeable at a  N F R  o f  0.7 - 0.8 1 m i n ' 1, consistent wi th the o p t i m u m  
N F R  for the formation o f  A r C l + species. This could explain w h y  it w a s  not clearly 
observed b y  Larsen a n d  Stiirup, w h o  w e r e  probably investigating the signal at a higher 
N F R  w h e r e  S e + signals are m a xi mi se d. T h e  o p t i m u m  N F R  for the formation o f  the 
c o m p e t i n g  polyatomic ion, C C 1 +, is at or near to the o p t i m u m  N F R  for the formation 
of  S e +, n a m e l y  -  1.0 - 1.05 1 min.'1. T h e  formation o f  the interfering ion A r C l + is 
h o w e v e r  m a x i m i s e d  at a  lower N F R .  P r o p o s e d  explanations o f  this observation 
include:
(i) argon b a se d molecular ion species (A r 2+ or A r C l +) are m o r e  readily f o r m e d  the 
longer the residence time in the plasma, h e n c e  they favour l o we r N F R ;
(ii) matrix-based molecular ion species (e.g. C C 1 +) are m o r e  likely to f o r m  if the 
presence o f  their precursors is greater. T h e  presence o f  the precursors is 
d e pe nd en t o n  their delivery rate to the sa mp li ng z o n e  in the p l a s m a  w h i c h  in 
turn is d e pe nd en t o n  N F R .
This w o r k  s h o w s  the importance o f  signal optimisation c o m b i n e d  with organic solvent 
addition to m a x i m i s e  the ‘true’ selenium signal a n d  m i n i m i s e  the interference signal. 
This w o r k  also suggests that competitive formation o f  ca rb on containing polyatomics 
‘soaks-up’ the precursors for interfering polyatomic ion formation a n d  so suppresses 
or r e m o v e s  t h e m  f r o m  various se le ni um isotopes. T h e  presence o f  m e t h a n o l  or other 
organic solvents in the s a m p l e  also has relevance to speciation techniques that e m p l o y  
high pe r f o r m a n c e  liquid c h r o m a t o g r a p h y  ( H P L C )  for separation o f  the species. 
O r ga ni c solvents are often c o m p o n e n t s  o f  the mo b i l e  phase o f  the H P L C  sy st em in 
order to alter the chromatographic selectivity o f  the technique. This m a y  encourage 
the direct coupling o f  a H P L C  sy st em directly to the I C P - M S  for selenium speciation 
studies.
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6.3.4. Analytical figures of m e r i t  ( A F M )  of the various m e t h o d s  of s a m p l e  
introduction a l o n g  w i t h  their modifications.
T h e  A F M  o f  the various m e t h o d s  w e r e  assessed using factors su ch as sensitivity a n d  
the related detection limit as well as short a n d  long-term signal stability.
A s  already discussed the greatest sensitivity for the analysis o f  selenium w a s  achieved 
b y  the H G  system as the m e t h o d  o f  s a m p l e  introduction. Co ns eq ue nt ly the use o f  H G -  
I C P - M S  gave the lowest detection limit for selenium (using the 8 2S e + isotope) o f  3 4  n g  
I' 1 c o m p a r e d  to 12 0 n g  I' 1 for the U S N  (with m e th an ol addition) a n d  4 0 0  n g  F 1 for the 
V G N  (with m e t h a n o l  addition).
T h e  use o f  m e t h a n o l  addition to the s a m p l e  in conjunction with internal 
standardisation (7 4Ge "l g a v e  excellent short a n d  long-term stability o f  the 8 2S e + signal. 
Va l u e s  o f  1 . 9 1 %  a n d  1 . 4 4 %  R S D  w e r e  observed for short-term a n d  long-term (over 
3 4 0  minutes, with analysis every 2 0  minutes) signal stability respectively. T h e  
addition o f  m e t h a n o l  to the s a m p l e  also demonstrated i m p r o v e d  long-term stability 
w h e n  using the U S N  as the m e t h o d  o f  s a m p l e  introduction. H o w e v e r ,  the reliability of 
the U S N  for long-term stability w a s  f o u n d  to b e  very po o r  with e n o r m o u s  day-to-day 
variations in stability.
6.4. A s s e s s m e n t  off t h e  V a r i o u s  M e t h o d s  off S a m p l e  I n t r o d u c t i o n  w h e n  
A p p l i e d  t o  t h e  A n a l y s i s  o f  S e l e n i u m  C o n c e n t i ’a t i o n s  i n  B l o o d  S e r u m  
S a m p l e s .
T h e  final a i m  o f  this w o r k  w a s  to apply the various m e t h o d s  o f  s a m p l e  introduction, 
along with their modifications to the analysis o f  selenium concentrations in b l o o d  
s e r u m  samples.
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S o m e  of the matrix derived interferences observed w h e n  utilising I C P - M S  for the 
analysis o f  b l oo d s e r u m  w e r e  investigated. T h e  findings demonstrated that n o  
suppression of the selenium signal w a s  observed with s o d i u m  concentrations f o u n d  in 
10 fold diluted/acid-digested s e r u m  samples. This w a s  so for the V G N  a n d  U S N  
m e t h o d s  o f  s a m p l e  introduction.
T h e  p r o b l e m  o f  s o d i u m  suppression o f  the analyte signal w a s  not o f  concern to the 
hydride generation system ( H G )  as it effectively r e m o v e s  the analyte f r o m  the matrix. 
H o w e v e r ,  the hydride f o r m i n g  process is k n o w n  to suffer f r o m  matrix-derived 
interferences f r o m  transition metals a n d  residual H N 0 3 f r o m  the digestion technique. 
Investigations demonstrated n o  interference o f  the H G  system f r o m  transition metals 
at concentrations far greater than those expected in the bl o o d  s e r u m  samples. This 
w a s  c o nf ir me d e v e n  in the presence o f  H N 0 3 w h i c h  is k n o w n ,  along with its 
derivatives, to inhibit the formation o f  h y d r o g e n  selenide.
Various preliminary investigations o f  b l oo d s e r u m  analysis resulted in the following 
c o m m e n t s  a n d  conclusions:
(i) analysis o f  diluted b l o o d  s e r u m  (in 1 %  H N 0 3) w a s  problematic d u e  to 
deposition o f  the matrix in the mist formation c h a m b e r  o f  the U S N ,  the s a m p l e  
injector tube o f  the torch a n d  the samp li ng c o n e  orifice. T h e s e  findings 
demonstrate the necessity for s o m e  f o r m  o f  dissolution procedure so as to 
break u p  the s e r u m  matrix a n d  allow easier s a m p l e  introduction into the IC P- 
M S ;
(ii) the short a n d  long-tenn reproducibility o f  the s e r u m  dilution m e t h o d  w a s  
f o u n d  to b e  po o r  a n d  so did not lend itself to routine s e r u m  analysis;
(iii) the use o f  7 4G e + as a n  internal standard suited all three m e t h o d s  o f  s a m p l e  
introduction. T h e  a r g u m e n t s  presented b y  T h o m p s o n  a n d  H o u k  [1987] a n d  
V a n h a e c k e  [1992], that the internal standard should re se mb le the analyte in 
m/z, are ba c k e d - u p  b y  the findings o f  this thesis. T h e  use o f  7 4G e + i m p r o v e d  
signal stability in the short a n d  long-tenn. T h e  only d r a w b a c k  o f  using 
g e n u a n i u m  as a n  internal standard is that it does not reach all the criteria for
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internal standardisation. T h e  contribution o f  g e r m a n i u m  in the s e r u m  
s a m p l e  is of s o m e  concern. T h e  concentration o f  g e r m a n i u m  in s e r u m  is in the 
order o f  5 0 -  125 p g  I" 1 [ D o n g - Q u n ,  1995]. This concentration o f  g e r m a n i u m  
a n d  the variation with different s a mp le s w o u l d  seriously affect the signal o f  
the internal standard e v e n  wi th the 2 0  - 50-fold dilution u s e d  with the I C P - M S .  
Secondly, the use o f  stable isotope tracer studies w o u l d  probably utilise 74S e  as 
the enriched isotope. 7 4S e + has a n  isobaric interference with 7 4G e + (36.5 %  
natural ab un da nc e) a n d  w o u l d  not pennit the use o f  7 4S e + for stable isotope 
tracer studies. T h e  suitability o f  1 1 5 In+ as a n  internal standard w h e n  applied to 
the H G - I C P - M S  m e t h o d  o f  analysis m a y  b e  a possible solution w h e n  utilising 
that particular method.
T h e  various m e t h o d s  o f  s a m p l e  introduction, in conjunction with their modifications, 
w e r e  assessed in their ability to accurately a n d  precisely determine the selenium 
concentration in a b l o o d  s e r u m  reference material, S e r o n o r m ™  T r ac e E l e m e n t s  in 
S e r u m  batch no. 311089. This reference material has a reference selenium 
concentration o f  8 6  p g  I" 1 with a range o f  7 9  - 8 7  p g  I"1. O f  all the m e t h o d s  e m p l o y e d  
the m o s t  favourable results obtained are r e vi ew ed b e l o w  a n d  conclusions are d r a w n  
f r o m  these:
(i) the use o f  the V G N  with 2 . 5 %  m e t h a n o l  addition to the acid-digested s a m p l e  
ga ve results ( n = 6 ) of 8 7  (range 85 - 90) p g  I" 1 for the 7 7 S e + isotope a n d  84 
(range 8 1 - 8 7 )  p g  f 1 for the 8 2S e + isotope. This demonstrates the effectiveness 
o f  the m e t h a n o l  addition m e t h o d  to suppress the interference f r o m  40A r 3 7C l + 
o n  m / z  77, thus allowing the use o f  the 7 7 S e + isotope for accurate 
determinations o f  selenium concentrations in bl oo d s e r u m  matrices. T h e  
addition o f  m e t h a n o l  also increases the sensitivity o f  the technique thus
82 4 77 4
allowing the determination o f  selenium concentrations (using S e  a n d  S e  j 
at su b - p g  f 1 levels. T h e  use o f  su ch a simple digestion technique a n d  the V G N  
d o e s n ’t require the se le ni um to b e  in a n y  particular oxidation state, unlike 
hydride generation. T h e  acid digestion technique e m p l o y e d  is straightforward 
a n d  could b e  adapted to m i c r o w a v e  dissolution T h e  results obtained w e r e
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accurate a n d  demonstrated very g o o d  repeatability (7 7 S e + =  4 . 6 %  R S D  a n d  
8 2S e + =  3 . 6 %  R S D ) .  In addition short a n d  long-term signal stability for 
selenium w e r e  very g o o d  using this technique. T h e  estimated time to analyse 
2 0  samples b y  this m e t h o d  (including digestion) w o u l d  b e  in the region o f  4.5 
to 5 hours;
(ii) a 20-fold diluted s e r u m  s a m p l e  (in 1 %  v/v H N 0 3) using the ultrasonic 
nebuliser ga ve results (n=12) o f  8 9  (range 7 8  - 96) p g  f 1 selenium using the 
7 8S e + isotope. T h e  other isotopes, including 8 2S e +, ga ve results that w e r e  not as 
g o o d  as the 7 8S e + result. T h e  use o f  the U S N  favours the 7 8S e + isotope for the 
purposes o f  se le ni um concentration determinations d u e  to the greater 
a b u n d a n c e  o f  this isotope a n d  i m p r o v e d  signal-to-noise ratio. T h e  estimated 
ti me to analyse 2 0  sa mp le s b y  this m e t h o d  (including preparation) w o u l d  b e  in 
the region o f  3 to 3.5 hours. A l t h o u g h  veiy straightforward this technique only 
has o n e  suitable isotope a n d  gives only fair precision (7.8 %  R S D ) .  T h e  U S N  
tends to suffer f r o m  signal drift as w a s  also noted b y  Petrucci [1990] w h o  
criticised the U S N  for serious long-term drift; excessive m e m o r y  effects a n d  
high cost;
(iii) the hydride generation sy st em attached to the I C P - M S  ga v e  results ( n = 6 ) o f  
82 ±  9 p g  I' 1 for the 7 8S e + isotope a n d  80 ±  4 p g  I' 1 for the 8 2S e + isotope. T h e s e  
results w e r e  generally good, but all o f  the results f r o m  the H G  system 
demonstrated a slight negative systematic error. This error is believed to b e  
d u e  to the s a m p l e  being al lo we d to cool at the e n d  o f  the acid-digestion 
procedure. O n  cooling s o m e  o f  the S e lv required for hydride generation is 
believed to b e  oxidised b a c k  to S e VI w h i c h  does not readily f o r m  the hydride. 
T o  o v e r c o m e  this, i m m e d i a t e  analysis is required after the final reduction step 
o f  the acid-digestion procedure us e d  for the H G  system. A s  De l v e s  [1997] 
correctly points out, the digestion procedure for H G  is particularly time 
c o n s u m i n g  a n d  does not lend itself to routine analysis o f  a large n u m b e r  of 
samples. A n  estimate o f  the time required to analyse 2 0  s a mp le s b y  this 
m e t h o d  (including the digestion procedure) w o u l d  b e  in the region o f  8  - 9 
hours. D u r i n g  the use o f  the H G  system for selenium determinations in bl oo d
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s e r u m  certain isobaric interferences w e r e  noticed w h i c h  the analyst should b e  
a w a r e  of. A n  interference f r o m  8 1B r H + overlapped the 8 2S e + isotope signal has 
previously b e e n  noticed b y  Z h a n g  [1996b]. T h e  b r o m i n e  contaminant w a s  
traced b a c k  to the acids u s e d  in the hydride generation procedure a n d  w a s  
carried over f r o m  the H G  sy st em to the I C P - M S .  This interference is easily 
identified but difficult to correct for so every effort should b e  m a d e  to 
m i n i m i s e  su ch contaminants f r o m  the reagents used.
It appears that the technique best suited to the routine analysis o f  selenium in bl oo d  
s e r u m  is the simple acid-digestion followed with analysis b y  I C P - M S  using the V -  
gr oo ve nebuliser as the m e t h o d  o f  s a m p l e  introduction a n d  with the addition o f  2 . 5 %
77 4 82 4*
v/v methanol. This m e t h o d  o f  choice allows the use o f  t w o  isotopes, S e  a n d  S e  . 
T h e  acid-digestion technique e m p l o y e d  is straight forward a n d  lends itself to 
m i c r o w a v e  digestion with all its advantages o f  speeding-up the total analysis time. T o  
conclude, this m e t h o d  produces very accurate a n d  precise results for the determination 
o f  selenium in b l o o d  s e r u m  samples, b a s e d  o n  the analysis o f  S e r o n o r m ™  Tr ac e  
E l e m e n t s  in Se ru m. In addition it is relatively cheap, easy to use, robust, does not 
require extra e q u i p m e n t  as with the U S N  a n d  H G  systems, a n d  lends itself to routine 
multiple analysis.
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